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Dear Sir: 

I, Lee, Sang-young, declare as follows: 

1. I am one of the inventors of the subject application. I have a Ph. D in the Polymer 
Engineering field from the Korea Advanced Institute of Science and Technology (Korea) and Post 
Doc. in the Polymer Electrolytes field at Max Planck Institute for Polymer Research (Germany) 
and have been working in research and development on lithium ion batteries since 1997. I am 
currently a Senior Research Scientist at LG CHEMICAL, LTD. 



2. I am famiUar with the prosecution of the present application, including the Office Action 
mailed February 10, 2005, the references cited therein, and the Amendment accompanying this 
Declaration. 
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3. I am advised that pending Claims 1-3 have been rejected as obvious over any of US 
5,273,657 (hereinafter "Dl") and US 6,322,923(hereinafter "D2). 

However, I and my co-inventors have developed a membrane suitable for use as separator 
in a Lithium ion battery that exhibit unexpectedly superior effects when compared to 
conventional separator membranes without pore, as illustrated below. 

EXPERIMENTAL 1 

OBJECT 

It is an object of this to show that the membrane in the present invention comprises 
active layers and support layer and that all layer have pores. 
EXPERIMENT AND RESULTS 

The following SEM photograph is a cross-section of a membrane according to the present 
invention, which comprises an active layer and a support layer having different pore size: 



support layer active layer 
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As seen from the photograph, the active and support layers of the membrane in the 
present invention have pores. Particularly, the active layers have pores less than 10 \im in 
diameter and the support layer has pores ranging from 0.001 to 10 \im in diameter. This means 
that the membrane has a sufficiently high gas permeability as to be ably employed as a separator. 



EXPERIMENTAL 2 

OBJECT 

It is an object of the present experiment to show that the membrane in the present 
invention has superior wettability to electrolyte on the support layer with/without pores. 
EXPERIMENT AND RESULTS 
(•^^ ) Wettability to electrolyte 
Analysis : 

The wettability to electrolytes was obtained by contact angle measurement. The contact 
angles were measured by placing the tip of the syringe near the sample surface and depressing the 
syringe to produce a constant-drop volume of 10 _1. The measuring liquid was a mixture of 
carbonate electrolytes used for lithium ion batteries. The photographs of liquid drops were taken 
by the optical contact measuring devices of a contact angle analyzer system. 

1) support layer without pore 
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As shown in the above figures, the support layer of 2) has superior wettability to 
electrolyte in comparison with the support layer of 1). 

EXPERIMENTAL 3 
OBJECT 

It is an object of the present experiment to show that the membrane in the present 
invention has superior cell performance on the support layer with/without pores. 
EXPERIMENT AND RESULTS 



Lithium ion batteries consist of an anode, cathode, separator, and electrolytes. The anode 
was prepared by mixing carbon-based active materials, conducting agent, and binder. The cathode 
was prepared by mixing LiCo02-based active materials, conducting agent, and binder. 
The anode and the cathode were stacked and separated by separator. 
After finishing the cell assembly, a carbonate-based electrolyte was injected into the cell. 
Charging of the cell was conducted at a constant current (IC) and with constant voltage limit of 
4.2V. Discharging was done at constant current (IC) with an end voltage of 3.0V. The rest time 
was about 20min between charge and discharge mode. The charge/discharge were repeated for 150 
cycles. All the measurements were performed at room temperature. 

The following graph shows the relationship between initial capacity and cycle; wherein 
the red line is the capacity tendency of the support layer without pores and the black line is that 
of the support layer with pores as per the present invention. 



Analysis : 
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As seen from the graph, it was observed that the support layer with pores has lower 
capacity drop as it proceeds through the charge/recharge cycle than the support layer without 
pores. This result means that porosity of the support layer has a substantial effect on the cell 
capacity in the electrolyte/separator system. Namely, the support layer of the present invention 
has pores, and thus this leads the electrolyte/separator system to have an improved wet-out rate 
of electrolyte and good permeability. 

The document D2 does not disclose the support layer with pores, as does the present 
invention. The effect on the electro lyte/separator system by the pores of the support layer . 
cannot even be expected. Accordingly, it is clear that the present invention has an inventive step 
over D2. 



4. In the membrane/separator technical field, it is already well known that a membrane 
generally works as a separator. ' However, the present invention has very distinctive features in 
the structure, material, porosity, etc., in comparison with Dl and D2. 

Regarding the structure, the present invention employs multi component membranes, for example 
active later/support layer/active layer, while Dl is a single component layer. The aromatic 
polymer having thioether group is the essential composition of the membrane of Dl . However, 
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the membrane of the present invention can be used as variously disclosed through claims 2 to 6. 
The aromatic polymer having thioether group cannot be used adequately as a separator since it 
has low electrochemical stability. In detail, as a lithium ion battery acts usually in the voltage 
^potential range of 3.0 V to 4.2 V, the benzene ring of the aromatic polymer can be easily 
oxidized/reduced in such a voltage range. This means that the membrane of Dl is inadequate as a 
separator in the lithium ion battery field [see the enclosed reference, " Chemical Reviews '\ v. 104, 
p.4419(2004)]. 

For using a porous membrane as a separator of a battery, the following conditions are 
required: [see the reference]. 

- electrical insulation 

- low resistance against ion transfer (high ion conductivity) 

- electrochemical stability 

- wettability against electrolyte 

- mechanical property 

- battery assembly process 

- prevention from internal short circuit by foreign substance 

- uniformity of thickness and other properties 

- temperature stability: specially, Shutdown behavior 

In accordance v^th this, the following table shows cell (battery) and separator properties 
for adapting a lithium battery: 
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Table 7. Safety and Petformance Tests for Lithium-Ion Batteries and the Corresponding Important Separator 
Property and Its Effect on the Cell Performance and/or Safety 



cell property 



separator property 



comments 



cell capacity 

cell Internal resistance 

high rate performance 

fast charging 

high-temp storage 

high-temp cycling 
self-dlschai^e 

long-term cycling 

overcharge 

external short circuit 
hotbox 

nail crush 

bar crush 



thickness 
resistance 

resistance 

resistance 

oxidation resistance 

oxidation resistance 
weak areas« pinholes 

resistance, sdirlnkage, pore size 

shutdown behavior; 

high-temp melt irtfegrity 
shutdown behavior 
high-temp melt Integrity 

shutdown (to stop delayed failure) 

shutdown (to stop delayed failure) 



cell capacity can be Increased by making the separator thinner 
separator resistance is a function of thickness, pore size, porosity, 
and tortuosity 

separator resistance is a function of thickness, pore size, porosity, 
and tortuoslt>' 

low sep£irator resistance will aid in overall faster charging by 

allowing higher and/or longer constant current charging 
oxidation of separators can lead to poor storage performance and 

reduce performance life 
oxidation of separators can lead to poor cycling performance 
soft shorts during cell formation and testing can lead to 

Internal current leakage 
high resistance, high shrinkage and very small pore size can 

lead to poor cycling performance 
separator should completely shutdown and then maintain its 

melt Int^rity at high temp 
separator shutdown stops the cells from overheating 
separator should be able to keep the two elearodes apart at 

high temp 

in the case of internal shorts, the separator may the only 

safety device to stop the cell from overheating 
in the case of internal shorts, the separator may be the only 

safety device to stop the cell from overheating 



The membrane disclosed in Dl is inadequate for use as a separator in terms of cell 
capacity because of a low resistance to oxidation. 

In the case of D2, due to low ion conductivity and wettability, the membrane has low 
performances as a separator, This derives from the fact that in D2, the coating layer is a dense 
layer without pores. 

The separator, and lithium ion battery therewith, of this invention has the following advantages 
over D2: 

1) air permeability increases since all layers have pores; 

2) wettability increases since all layers, especially the support layer, has pores; 

3) the wet-out rate of an electrolyte improves since the support layer, which is an inner 
layer, has size-controlled pores; and 

4) cell capacity increases due to the improved wet-out rate of an electrolyte. 
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5. I declare that all statements made herein are true, and that all statements made upon 
information and belief are believed to be true, and further, that these statements were made with 
the knowledge that willful, false statements and the like so made are punishable by fine or 
imprisonment, or both, under 18 U.S.C. § 1001, and that willful, false statements may jeopardize 
the vaUdity of the application, or any patent issuing thereon. 



Dated: May 09. 2005 



By: 



LEE SANG- YOUNG 
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f . Introduction and Scope 

Many advances have been made in battery tech- 
nology in recent years, both through continued 
improvement of specific electrochemical systems and 
through the development and introduction of new 
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battery chemistries. Nevertheless, there is still no one 
"ideal" battery that gives optimum performance 
under all operating conditions. Similarly, there is no 
one separator that can be considered "ideal" for all 
battery chemistries and geometries. 

A separator is a porous membrane placed between 
electrodes of opposite polarity, permeable to ionic flow 
but preventing electric contact of the electrodes. A 
variety of separators have been used in batteries over 
the years. Starting with cedar shingles and sausage 
casing, separators have been manufactured from 
cellulosic papers and cellophane to nonwoven fabrics, 
foams, ion exchange membranes, and microporous 
flat sheet membranes made from polymeric materi- 
als. As batteries have become more sophisticated, 
separator function has also become more demanding 
and complex. 

Separators play a key role in all batteries. Their 
main function is to keep the jDOsitive and negative 
electrodes apart to prevent electrical short circuits 
and at the same time allow rapid transport of ionic 
charge carriers that are needed to complete the 
circuit during the passage of current in an electro- 
chemical cell.^'^ They should be very good electronic 
insulators and have the capability of conducting ions 
by either intrinsic ionic conductor or by soaking 
electrolyte. They should minimize any processes that 
adversely affect the electrochemical energy efficiency 
of the batteries. 

Very little work (relative to research of electrode 
materials and electrolytes) is directed toward char- 
acterizing and developing new separators. Similarly, 
not much attention has been given to separators in 
publications reviewing batteries. A number of 
reviews on the on cell fabrication, their performance, 
and application in real life have appeared in recent 
years, but none have discussed separators in detail. 
Recently a few reviews have been published in both 
English and Japanese which discuss different types 
of separators for various batteries.^ A detailed 
review of lead-acid and lithium-ion (li-ion) battery 
separators was published by Boehnstedt^^ and Spot- 
nitz,'^ respectively, in the Handbook of Battery 
Materials. Earlier Kinoshita et al. had done a survey 
of different types of membranes/separators used in 
different electrochemical systems, including batter- 
ies. 

The majority of the separators currently used in 
batteries were typically developed as spin-offs of 
existing technologies. They were usually not devel- 
oped specifically for those batteries and thus are not 
completely optimized for systems in which they are 
used. One positive result of adapting existing tech- 
nologies is that they are produced in high volume at 
relatively low cost. The availability of low cost 
separators is an important consideration in the 
commercialization of batteries, because the battery 
industry traditionally operates with thin profit mar- 
gins and relatively small research budgets. 

The purpose of this paper is to describe the various 
types of separators based on their applications in 
batteries and their chemical, mechanical and elec- 
trochemical properties, with particular emphasis on 
separators for lithium-ion batteries. The separator 



requirements, properties, and characterization tech- 
niques are described with respect to lithium-ion 
batteries. The separators used in other batteries are 
only discussed briefly. Despite the widespread use 
of separators, a great need still exists for improving 
the performance, increasing the life, and reducing the 
cost of separators. In the following sections, an 
attempt is made to discuss key issues in various 
separators with the hope of bringing into focus 
present and future directions of research and devel- 
opment in separator technologies. 

2. Battery and Separator Market 

The battery industry has seen enormous growth 
over the past few years in portable, rechargeable 
battery packs. The majority of this surge can be 
attributed to the widespread use of cell phones, 
personal digital assistants (PDA's), laptop computers, 
and other wireless electronics. Batteries remained 
the mainstream source of power for systems ranging 
from mobile phones and PDA's to electric and hybrid 
electric vehicles. The world market for batteries was 
approximately $41 billion in 2000, which included 
$16.2 billion primary and $24.9 billion secondary 
cells.2» 

A recent study from Freedonia has predicted ag- 
gregate U.S. demand for primary and secondary 
batteries to climb 5.5% annually through 2007 to $14 
billion. The growth will be driven by strong demand 
for battery-powered electronic devices like digital 
cameras and 3G wireless phones, and increasing 
production of electrical and electronic equipment. The 
secondary battery demand is expected to outpace the 
primary battery market gains through 2007 benefit- 
ing from strong growth in the use of high-drain 
portable electronic devices. The lead-acid batteries 
will account for over half of all rechargeable demand 
in 2007, although lithium-ion and NiMH batteries 
will record the strongest growth. Alkaline batteries 
could remain the dominant type, accounting for more 
than two thirds of all primary battery sales in 2007. 

The rechargeable battery (NiCd, NiMH, and 
lithium-ion) market for 2003 for portable electronics 
was around $5.24 billion, around 20% more then 
2002. The lithium-ion battery market was around 
$3.8 billion (^^73%). They are now used in more than 
90% of cellphones, camcorders, and portable comput- 
ers, worldwide, and have also been adopted in power 
tools recently. 

The tremendous progress in lithium-ion cells is 
clearly visible with as much as a 2-fold increase in 
the volumetric and gravimetric energy density for 
both 18650 and prismatic cells between 1994 and 
2002. In past few years the lithium-ion production 
has expanded to South Korea (Samsung, LG, etc.) 
and China (BYD, B&K, Lishen, etc.) from Japan. 
Several Japanese (Sanyo, Sony, MBI, NEC, etc.) and 
Korean (LG Chemical) manufacturers have also 
moved their manufacturing plants to China. Japan, 
which controlled 94% of the global rechargeable 
battery market in 2000, has seen its market share 
drop to about 65% of the global market.23-25 xhe 
continued growth in lithium-ion battery market has 
led to a strong demand for battery separators. All the 
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Figure 1. Typical battery configurations: (a) button cell; (b) stack lead-acid; (c) spiral wound cylindrical lithium-ion; (d) 
spiral wound prismatic litliium-ion. 



major separator manufacturers (Celgard, Asahi, and 
Tonen) have either increased their capacity in 2003 
or are planning to increase it in 2004.26-28 

There is not too much information available on the 
battery separator market in the literature. It is 
estimated that about 30% of the rechargeable lithium 
battery market or $1.5 billion is the size of the 
battery materials or components market. Battery 
separators for lithium batteries are about a $330 
million market within the total battery components 
market.2^-^° Recently, the Freedonia Group has re- 
ported that the U.S. demand for battery separators 
will increase to $410 million in 2007 from $237 
million in 1977 and $300 million in 2002, respec- 
tively.^* 

3. Separator and Batteries 

Batteries are built in many different shapes and 
configurations— button, flat, prismatic (rectangular), 
and cylindrical (AA, AAA, C, D. 18650, etc.). The cell 
components (including separators) are designed to 



accommodate a particular cell shape and design. The 
separators are either stacked between the electrodes 
or wound together with electrodes to form Jellyrolls 
as shown in Figure 1, Stacked cells are generally held 
together by pressure from the cell container. The 
lithium-ion gel polymer stacked cells are prepared 
by bonding/laminating layers of electrodes and sepa- 
rators together. The separator properties should not 
change significantly during the bonding process. In 
some cases, the separators are coated to help in 
bonding process, thus reducing the interfacial resis- 
tance.^^*^^ 

In the conventional way of making spirally wound 
cells, two layers of separators are wound along with 
the positive and negative electrodes, resulting in a 
positive/separator/negative/separator configuration. 
They are wound as tightly as possible to ensure good 
interfacial contact. This requires the separators to 
be strong to avoid any contact between the electrodes 
through the separator. The separator also must not 
yield and reduce in width, or else the electrodes may 
contact each other. Once wound, the jellyroll is 
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inserted into a can, and filled with electrolyte. The 
separator must be wetted quickly by the electrolyte 
to reduce the electrolyte filling time. A header is then 
crimped into the cell to cover the can from top. In 
some prismatic cells, the jellyroll is pressed at high 
temperatures and pressures and then inserted into 
thin prismatic (rectangular) cans. A typical 18650 
lithium-ion cell uses around 0.07-0.09 m^ of separa- 
tor, which is approximately 4-5% of the total cell 
weight.^^ 

4. Separator Requirements 

A number of factors must be considered in selecting 
the best separator for a particular battery and 
application. The characteristics of each available 
separator must be weighed against the requirements 
and one selected that best fulfills these needs. A wide 
variety of properties are required of separators used 
in batteries. The considerations that are important 
and influence the selection of the separator include 
the following: 
•Electronic insulator 
•Minimal electrolyte (ionic) resistance 
•Mechanical and dimensional stability 
•Sufficient physical strength to allow easy handling 
•Chemical resistance to degradation by electrolyte, 
impurities, and electrode reactants and products 

•Effective in preventing migration of particles or 
colloidal or soluble species between the two electrodes 
•Readily wetted by electrolyte 
•Uniform in thickness and other properties 
The order of importance of the various criteria 
varies, depending on the battery applications. The 
above list presents a broad spectrum of requirements 
for separators in batteries. In many applications, a 
compromise in requirements for the separator must 
generally be made to optimize performance, safety, 
cost, etc. For example, batteries that are character- 
ized by small internal resistance and consume little 
power require separators that are highly porous and 
thin, but the need for adequate physical strength may 
require that they be thick. 

In addition to the above general requirements each 
battery type has other requirements essential for 
good performance and safety. For example, separa- 
tors in sealed nickel— cadmium (NiCd) and nickel- 
metal hydride (NiMH) batteries should be highly 
permeable to gas molecules for overcharge protection, 
the separator in lithium-ion cells should have a 
shutdown feature for good safety, separators for 
alkaline batteries should be flexible enough to be 
wrapped around the electrodes, and the separator for 
an SLI (starting, lighting and ignition) battery could 
also serve as a mechanical-shock cushion. 

5. Separator Types 

Separators for batteries can be divided into differ- 
ent types, depending on their physical and chemical 
characteristics. They can be molded, woven, non- 
woven, microporous, bonded, papers, or laminates. 
In recent years, there has been a trend to develop 
solid and gelled electrolytes that combine the elec- 
trolyte and separator into a single component. 
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In most batteries, the separators are either made 
of nonwoven fabrics or microporous polymeric films. 
Batteries that operate near ambient temperatures 
usually use separators fabricated from organic ma- 
terials such as cellulosic papers, polymers, and other 
fabrics, as well as inorganic materials such as 
asbestos, glass wool, and SiOz. In alkaline batteries, 
the separators used are either regenerated cellulose 
or microporous polymer films. The lithium batteries 
with organic electrolytes mostly use, microporous 
films. 

For the sake of discussion, we have divided the 
separators into six types— microporous films, non- 
wovens, ion exchange membranes, supported liquid 
membranes, solid polymer electrolytes, and solid ion 
conductors. A brief description of each type of separa- 
tor and their application in batteries are discussed 
below. 

5.1. Microporous Separators 

They are fabricated from a variety of inorganic, 
organic, and naturally occurring materials and gen- 
erally contain pores that are greater than 50—100 A 
'in diameter. Materials such as nonwoven fibers (e.g. 
nylon, cotton, polyesters, glass), pol3mier films (e.g. 
polyethylene (PE), polypropylene (PP), poly(tetrafluo- 
roethylene) (PTFE). poly (vinyl chloride) (PVC)), and 
naturally occurring substances (e.g. rubber, asbestos, 
wood) have been used for microporous separators in 
batteries that operate at ambient and low tempera- 
tures (<I00 "C). The microporous polyolefins (PP, PE, 
or laminates of PP and PE) are widely used in lithium 
based nonaqueous batteries (section 6.1), and filled 
polyethylene separators in lead-acid batteries (section 
7.3), respectively. 

5.2. Nonwovens 

Nonwovens are textile products that are manufac- 
tured directly from fibers. They are defined as a 
manufactured sheet, web, or matt of directionally or 
randomly oriented fibers, bonded by friction, and/or 
cohesion, and/or adhesion excluding paper and prod- 
ucts which are woven, tufted, stichbounded incorpo- 
rating binding yarns or filaments, or felted by 
wetmilling whether or not additionally needed. The 
fibers may be of natural or manmade origin. They 
may be staple or continuous filaments or maybe 
formed in situ.^^ 

The macroporous fibrous matrix is either dry laid, 
meltblown, or wet laid. The wet laid process is very 
similar to the papermaking process. The fibers are 
bonded together by chemical or thermal bonding. The 
meltblown process is a binderless process and there 
the polymer fiber web is extruded. Typical pore sizes 
of the fibrous matrix vary from 1 to 100 jum. 

Nonwovens are widely utilized as separators for 
several types of batteries. Lightweight, wet laid 
nonwovens made from cellulose, poly (vinyl alcohol), 
and other fibers have achieved considerable success 
as separators for popular primary alkaline cells of 
various sizes. The key nonwoven attributes include 
consistently uniform basis weight, thickness, porosity 
and resistance to degradation by electrolytes. Non- 
wovens are also successfully employed as separators 
in NiCd s. 
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Table L Types of Separators Used in Different Type of Secondary Lithium Batteries 



battery system 


type of separator 


composition 


lithium-ion (liquid electrolyte) 


microporous 


polyolefms (PE. PP, PP/PE/PP) 


lithium-ion gel polymer 


microporous 


PVdF 


microporous 


polyolefins (PE, PP, PP/PE/PP) coated with 




PVdF or other gelling agents 


lithium-polymer (e.g. Li-VeOis) 


polymer electrolyte 


poly(ethylene oxide) with lithium salt 



The materials used in nonwoven fabrics include a 
single polyolefm, or a combination of polyolefins, such 
as polyethylene (PE), polypropylene (PP), polyamide 
(PA), poly(tetrafluoroethylene) (PTFE), polyvinylidine 
fluoride (PVdF), and poly (vinyl chloride) (PVC). 
Nonwoven fabrics have not, however, been able to 
compete with microporous films in lithium-ion cells. 
This is most probably because of the inadequate pore 
structure and difficulty in making thin (<25 /^m) 
nonwoven fabrics with acceptable physical properties. 

5.3. Ion Exchange Membranes 

These membranes are generally fabricated from 
polymeric materials containing pores with diameters 
of less than 20 A. The transport properties of ions in 
these membranes are characterized by strong inter- 
actions between the permeating species and the 
molecular structure of the polymer. This interaction 
is due to the presence of ion-exchange groups in the 
membrane, which allows the membrane to discrimi- 
nate between permeating or migrating ions by virtue 
of their specific charge. 

Radiation grafted membranes such as Permion 
manufactured by RAI Research Corporation are ion- 
exchange membranes. Such membranes are used as 
battery separators in alkaline batteries. They are 
made from PE, PP, or Teflon-based films, which have 
excellent oxidation resistance and superior chemical 
resistance to alkali. However, they are totally im- 
pervious to electrolyte flow, and therefore, they have 
almost infinite resistance as a separator in this form. 
By using radiation grafting and cross-linking tech- 
niques, however, selected chemical species are grafted 
as pendant chains to the base structure of the linear 
polymer without altering the inert backbone. This 
modification imparts desirable hydrophilic properties 
to the films without materially impairing their excel- 
lent chemical resistance. This paper provides a very 
limited discussion on ion exchange membranes, as 
their application in batteries is very limited, 

5.4. Supported Liquid IMembranes 

These types of separators consist of a solid matrix 
and a liquid phase, which is retained in the mi- 
croporous structure by capillary forces. To be effective 
for batteries, the liquid in the microporous separator, 
which generally contains an organic phase, must be 
insoluble in the electrolyte, chemically stable, and 
still provide adequate ionic conductivity. Several 
types of polymers, such as polypropylene, polysulfone, 
poly(tetrafluoroethylene), and cellulose acetate, have 
been used for porous substrates for supported-liquid 
membranes. The PVdF coated polyolefin-based mi- 
croporous membranes used in gel— polymer lithium- 
ion battery fall into this category. Gel polymer 



electrolytes/membranes are discussed briefly in sec- 
tion 6.3, 

5.5. Polymer Electrolyte 

Polymer electrolytes (e.g., poly (ethylene oxide), 
poly(propylene oxide)) have attracted considerable 
attention for batteries in recent years. These poly- 
mers form complexes with a variety of alkali metal 
salts to produce ionic conductors that serve as solid 
electrolytes. Their use in batteries is still limited due 
to poor electrode/electrolyte interface and poor room 
temperature ionic conductivity. Because of the rigid 
structure, they can also serve as the separator. 
Polymer electrolytes are discussed briefly in section 
6.2. 

5.6. Solid Ion Conductors 

They serve as both separator and electrolyte. These 
are generally inorganic materials that are impervious 
barriers to gases and liquids. They allow one or more 
kinds of ions to migrate through their lattice when a 
potential gradient or a chemical gradient is present. 
These types of separators are beyond the scope of this 
article. 

6, Separator for Nonaqueous Batteries 

All lithium based batteries use nonaqueous elec- 
trolytes because of the reactivity of lithium in aque- 
ous solution and because of the electrolyte's stability 
at high voltage. The majority of these cells use 
microporous membranes made of polyolefins. In some 
cases, nonwovens made of polyolefins are either used 
alone or with microporous separators. This section 
will mainly focus on separators used in secondary 
lithium batteries followed by a brief summary of 
separators used in lithium primary batteries. 

Lithium secondary batteries can be classified into 
three types, a liquid type battery using liquid elec- 
trolytes, a gel type battery using gel electrolytes 
mixed with polymer and liquid, and a solid type 
battery using polymer electrolytes. The types of 
separators used in different types of secondary 
lithium batteries are shown in Table 1 . The liquid 
lithium-ion cell uses microporous polyolefin separa- 
tors while the gel polymer lithium-ion cells either use 
a PVdF separator (e.g. PLION cells) or PVdF coated 
microporous polyolefin separators. The PLION cells 
use PVdF loaded with silica and plasticizer as 
separator. The microporous structure is formed by 
removing the plasticizer and then filling with liquid 
electrolyte. They are also characterized as plasticized 
electrolyte. In solid polymer lithium-ion cells, the 
solid electrolyte acts as both electrolyte and separa- 
tor. 
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Figure 2. Polyolefin separators used in lithium-ion batteries. 

6.1. Lithium Ion 

The past decade has seen significant advances in 
the ambient temperature lithium battery technology. 
Lithium-ion batteries are the preferred power source 
for most portable electronics because of their higher 
energy density, longer cycle life, and higher opera- 
tional voltage as compared to NiCd and NiMH 
systems. In 2002, 66% of the total rechargeable 
battery market for mobile IT and communication 
devices used lithium-based batteries and the rest 
used nickel-based batteries. 

A typical lithium-ion cell consists of a positive 
electrode composed of a thin layer of powdered metal 
oxide (e.g., LiCoOz) mounted on aluminum foil and 
a negative electrode formed from a thin layer of 
powdered graphite, or certain other carbons, mounted 
on a copper foil. The two electrodes are separated by 
a porous plastic film soaked typically in LiPFs dis- 
solved in a mixture of organic solvents such as 
ethylene carbonate (EC), ethyl methyl carbonate 
(EMC), or diethyl carbonate (DEC). In the charge/ 
discharge process, lithium ions are inserted or ex- 
tracted from the interstitial space between atomic 
layers within the active materials. 

Sony's introduction of the rechargeable lithium-ion 
battery in the early 1 990s precipitated a need for new 
separators that provided not only good mechanical 
and electrical properties but also added safety through 
a thermal shutdown mechanism. Although a variety 
of separators (e.g.. cellulose, nonwoven fabric, etc.) 
have been used in different type of batteries, various 
studies on separators for lithium-ion batteries have 
been pursued in past few years as separators for 
lithium-ion batteries require different characteristics 
than separators used in conventional batteries. 

A novel microporous separator using polyolefins 
has been developed and used extensively in lithium- 
ion batteries since it is difficult for conventional 
separator materials to satisfy the characteristics 
required in lithium-ion batteries. In lithium-ion 
batteries two layers of separators are sandwiched 
between positive and negative electrodes and then 
spirally wound together in cylindrical and prismatic 
configurations. The pores of the separator are filled 
with ionically conductive liquid electrolyte. 

Microporous polyolefin membranes (see Figure 2) 
in current use are thin (<30 fim) and are made of 



polyethylene (PE), polypropylene (PP), or laminates'*^ 
of polyethylene and polypropylene. They are made 
up of polyolefins materials because they provide 
excellent mechanical properties, chemical stability 
and acceptable cost.^^-^^ They have been found to be 
compatible with the cell chemistry and can be cycled 
for several hundred cycles without significant deg- 
radation in chemical or physical properties. 

Commercial membranes offer pore size in the range 
0.03-0.1 /^m. and 30-50% porosity. The low melting 
point of PE enables their use as a thermal fuse. As 
the temperature approaches the melting point of the 
polymer. 135 X for PE and 165 X for PP. porosity 
is lost. The trilayer material (PP/PE/PP)^^ has been 
developed by Celgard where a PP layer is designed 
to maintain the integrity of the film, while the low 
melting point of PE layer is intended to shutdown 
the cell if an over-temperature condition is reached. 
Asahi Kasai's flat-film membrane "Hipore" is avail- 
able in thicknesses ranging from 20 /itn to several 
hundred micrometers, and with highly uniform pore 
sizes ranging from 0.05 to 0.5 fim,^^ The major 
manufacturers of lithium-ion battery separators along 
with their typical products are listed in Table 2. 

In recent years there have been a strong demand 
for higher capacity lithium-ion cells because of the 
strong growth in portable electronics. One way to 
achieve higher capacity is by reducing the thickness 
of separators. The battery manufacturers have started 
using 20 and 16 separators in higher capacity 
(>2.0 A h) cylindrical cells, and 9 fim separators in 
lithium-ion gel polymer cells. 

Nonwoven materials have also been developed for 
lithium-ion cells but have not been widely accepted, 
in part due to the difficulty in fabricating thin 
materials with good uniformity and high strength.*^ 
Nonwoven separators have been used in button cells 
and bobbin cells when thicker separators and low 
discharge rates are acceptable. 

6.1.1. Separator Development 

The process for making lithium-ion battery separa- 
tors can be broadly divided into dry'*^^® and wet'*^ 
processes. Both processes usually employ one or more 
orientation steps to impart porosity and/or increase 
tensile strength. The dry process involves melting a 
polyolefin resin, extruding it into a film, thermally 



Battery Separators Chemical Reviews, 2004, Vol. 104, No. 10 4425 

Table 2. Major Manufacturers of Lithium-Ion Battery Separators along with Their Typical Products 



manufacturer structure composition process trade name 



Asahi Kasai 


single layer 


PE 


wet 


HiPore 


Celgard LLC 


single layer 


PP. PE 


dry 


Celgard 




multilayer 


PP/PE/PP 


dry 


Celgard 




PVdF coated 


PVdF, PP, PE, PP/PE/PP 


dry 


Celgard 


Entek Membranes 


single layer 


PE 


wet 


Teklon 


Mitsui Chemical 


single layer 


PE 


wet 




Nitto Denko 


single layer 


PE 


wet 




DSM 


single layer 


PE 


wet 


Solupur 


Tonen 


single layer 


PE 


wet 


Setela 


Ube Industries 


multi layer 


PP/PE/PP 


dry 


U-Pore 


Table 3. Manufacturing Process of T3rpical Microporous Film 


process mechanism 


raw material properties 


typical membranes 


manufacturers 


dry process drawing 


polymer 


simple process 


PP, PE, PP/PE/PP 


Celgard, Ube 






anisotropic film 






wet process phase separation polymer + solvent 


isotropic film 


PE 


Asahi, Tonen 




polymer + solvent + filler large pore size 


PE 


Asahi 






high porosity 







annealing it to increase the size and amount of 
lamella crystallites, and precisely stretching it to 
form tightly ordered micropores.'*^"^^ In this process, 
a row lamellar crystal structure is generated in the 
polymer in the initial extrusion step. This nonporous 
structure is highly oriented as a result of extrusion 
and annealing conditions. The films are then stretched 
to form micropores. This microporous structure is 
continuous throughout the bulk interior of the mem- 
brane.^'' 

Polypropylene and polyethylene microporous films 
obtained by this method are available from Cel- 
gard^8'50'54.55 and Ube.^® The dry process is technologi- 
cally convenient because no solvents are required. 
However, only a uniaxial stretching method has been 
successful to date, and as a result, the pores are 
slitlike in shape and the mechanical properties of 
films are anisotropic. The tensile strength in the 
lateral direction is relatively low. 

Wet process (phase inversion process) ^^-^^ involves 
mixing of hydrocarbon liquid or some other low- 
molecular weight substance generally with a poly- 
olefin resin, heating and melting the mixture, ex- 
truding the melt into a sheet, orientating the sheet 
either in the machine direction (MD) or biaxially, and 
then extracting the liquid with a volatile solvent. 
Separators made by the wet process are available 
from Asahi Kasei.^^ Tonen, ^'"'^^ and Mitsui Chemi- 
cals^"* and more recently from Polypore/Membrana 
and Entek.^^ The structure and properties of the 
membranes can be changed by controlling the com- 
position of the solutions and the evaporation or 
subtractions of solvents in the gelation and solidifica- 
tion processes. The separators made by wet process 
use ultrahigh-molecular-weight polyethylene (UH- 
MWPE) . The use of UHMWPE gives good mechanical 
properties as well as some degree of melt integrity. 

Ihm et al. have given a nice overview of the wet 
process by preparing a separator with polymer blends 
of high-density polyethylene (HDPE) and ultrahigh 
molecular weight polyethylene (UHMWPE). They 
showed that the mechanical strength and drawing 
characteristics are influenced by the content and the 
molecular weight of the UHMWPE contained in a 
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Figure 3. Generalized process for lithium-ion separator 
manufacturing.^^ Each step of the separator manufacturing 
process has online detection systems to monitor the quality 
of the separator. 

polyolefin blending solution. The manufacturing pro- 
cess of typical microporous film by dry and wet 
process is compared in Table 3. 

A simplified flowchart for separator manufacturing 
process is shown in Figure 3.^^ The virgin polymer 
is prepared and mixed with processing aids (e.g., 
antioxidants, plasticizer, etc.) and then extruded. The 
extruded polymer then goes through different steps, 
which vary from process to process. For the dry 
process, it can involve film annealing and stretching, 
while for the wet process, it can involve solvent 
extraction and stretching. The finished film is then 
slit into required widths and packed into boxes and 
shipped to the battery manufacturers. With the 
advent of thinner separators, the film handling 
during manufacturing steps has become very impor- 
tant for the final quality of the film. Each step of the 
separator manufacturing process has online detection 
systems to monitor the quality of the separators. 

Uniaxially oriented films generally have high 
strength in only one direction, whereas biaxially 
oriented films are relatively strong in both machine 
direction (MD) and transverse direction (TD). Al- 
though intuitively one might expect biaxially oriented 
films to be preferred over uniaxially oriented films, 



4426 Chemical Reviews, 2004, Vol. 104. No. 10 Arora and Zhang 

Table 4. Typical Properties of Some Commercial Microporous Membranes 



separator/properties Celgard 2730 Celgard 2400 Celgard 2320 Celgard 2325 Asahi Hipore Tonen Setela 



structure single layer single layer trilayer trilayer single layer single layer 

composition PE PP PP/PE/PP PP/PE/PP PE PE 

thiclcness (um) 20 25 20 25 25 25 

gurley (s) 22 24 20 23 , 21 26 

ionic resistivity^ (Q cm2) 2.23 2.55 1.36 1.85 2.66 2.56 

porosity (%) 43 40 42 42 40 41 

melt temp rC) 135 165 135/165 135/165 138 137 



«In 1 A/LiPFe ECiEMC (30:70 by volume). 



in practice biaxial orientation provides no perfor- 
mance advantage. In fact, biaxial orientation tends 
to introduce TD shrinkage. This shrinkage, at el- 
evated temperatures, can allow electrodes to contact 
each other. The separator must have sufficient 
strength in the machine direction so that it does not 
decrease in width or break under the stress of 
winding. The strength in the transverse direction is 
not as important as that in the machine direction 
during the process of making spirally wound batter- 
ies. The minimum generally practical requirement 
for the mechanical strength of the 25-//m separator 
is 1000 kg/mm2.58 

The typical properties of some commercial mi- 
croporous membranes are summarized in Table 4. 
Celgard 2730 and Celgard 2400 are single layer PE 
and PP separators, respectively, while Celgard 2320 
and 2325 are trilayer separators of 20 and 25 fim 
thickness. Asahi and Tonen separators are single 
layer PE separators made by the wet process. Basic 
properties, such as thickness, gurley, porosity, melt 
temperature, and ionic resistivity are reported in 
Table 4. These properties are defined in section 6.1.3. 

Efforts have been made to find a new route for dry 
process using biaxial stretching techniques for pre- 
paring polypropylene microporous films, which may 
have submicrometer pore sizes and narrow pore size 
distributions and high permeability to gases and 
liquids combined with good mechanical properties. 
The biaxially stretched polypropylene microporous 
films (Micpor) were made by using nonporous polypro- 
pylene films of high ^-crystal content.^^ The porosity 
of these films can be as high as 30--40%, with an 
average pore size of approximately 0.05 //m. The 
pores on the surface were almost circular in shape 
compared to slitlike pores observed in uniaxial 
stretched samples and exhibited high permeability 
to fluids with good mechanical properties and almost 
circular pore shape with narrow pore size distribu- 
tion,68-70 

The PP/PE bilayers^o and PP/PE/PP trilayer sepa- 
rators were developed by Celgard, Multilayer separa- 
tors offer advantages by combining the lower melting 
temperature of PE with the high-temperature strength 
of PP. Nitto Denko has also patented a single-layer 
separator made from a blend of PE/PP by the dry 
stretch process. According to the patent, the sepa- 
rator has microporous regions of PE and PP. On 
heating in an oven, the impedance of the separator 
increases near the melting point of PE and the 
impedance remains high until beyond the melting 
point of PP. However, battery performance data have 
not been presented. 



Microporous polyethylene separator material com- 
posed of a conibination of randomly oriented thick 
and thin fibrils of ultrahigh molecular weight poly- 
ethylene (UHMWPE), Solupur, manufactured by 
DSM Solutech, is also an interesting separator mate- 
rial for lithium-ion batteries. Solupur is fabricated 
in standard grades with base weights ranging from 
7 to 16 g/m^ and mean pore size ranging from 0,1 to 
2.0 ftm and a porosity of 80— 90%/^ Ooms et aL 
carried out a study on a series of DSM Solupur 
materials with different permeability. Rate capability 
and cycling tests of these materials were compared 
with commercial available separators in CR2320 type 
coin cells. Solupur materials showed low tortuosity, 
high strength and puncture resistance, excellent 
wettability, and good high rate capability and low- 
temperature performance because of its high porosity 
and UHMWPE structure.^^ 

Recently Nitto Denko has developed a battery 
separator made by a wet process that had high 
puncture strength and high heat rupture resistance,^"* 
They used a polyolefin resin with a high molecular 
weight rubber as its main component materials and 
cross-linked through oxidation in air. The melt 
rupture temperature, as measured by thermomech- 
nical analysis was over 200 °C in this material. They 
also tried cross-linking ultrahigh molecular weight 
polyethylene with electron-beam and ultraviolet ir- 
radiation, but this had the side effect of causing 
deterioration in the polyolefin including rupture of 
the main chains and therefore resulted in reduced 
strength. 

ENTEK Membranes LLC has developed Teklon— 
a highly porous, ultrahigh molecular weight polyeth- 
ylene separator for lithium-ion batteries. At the 
writing of this publication, the separator is available 
in small quantities. Pekala et al. characterized Cel- 
gard, Setela, and Teklon separators in terms of their 
physical, mechanical, and electrical properties.^^ 

Celgard's separators are by far the best-character- 
ized battery separators in the literature as they have 
been widely used in numerous battery systems. 
Bierenbam et al.'*^ has described the process, physical 
and chemical properties, and end-use applications. 
Fleming and Taskier^^ described the use of Celgard 
microporous membranes as battery separators. Hoff- 
man et al.^^ presented a comparison of PP and PE 
Celgard microporous materials. Callahan discussed 
a number of novel uses of Celgard membranes. 
Callahan and co-workers^^ also characterized Celgard 
membranes by SEM image analysis, mercury poro- 
simetry, air permeability, and electrical resistivity, 
and later they characterized the puncture strength 
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and temperature/impedance data for Celgard mem- 
branes.''^ Spotnitz et al. reported short-circuit behav- 
ior in simulated, spirally wound cells, as well as 
impedance/temperature behavior and thermomechan- 
ical properties. Yu^^ found that a trilayer structure 
of PP/PE/PP Celgard microporous membranes pro- 
vided exceptional puncture strength. 

Nonwoven materials such as cellulosic fibers have 
never been successfully used in lithium batteries. 
This lack of interest is related to the hygroscopic 
nature of cellulosic papers and films, their tendency 
to degrade in contact with lithium metal, and their 
susceptibility to pinhole formation at thickness of less 
than 100 ^m. For future applications, such as electric 
vehicles and load leveling systems at electric power 
plants, cellulosic separators may find a place because 
of their stability at higher temperatures when com- 
pared to polyolefins. They may be laminated with 
polyolefin separators to provide high-temperature 
melt integrity. 

Asahi Chemical Industry carried out an explor- 
atory investigation to determine the requirements for 
cellulose based separators for lithium-ion batteries. 
In an attempt to obtain an acceptable balance of 
lithium-ion conductivity, mechanical strength, and 
resistance to pinhole formation, they fabricated a 
composite separator (39—85 /urn) that consists of 
fibrilliform cellulosic fibers (diameter 0.5—5.0 //m) 
embedded in a microporous cellulosic (pore diam- 
eter: 10—200 nm) film. The fibers can reduce the 
possibility of separator meltdown under exposure to 
heat generated by overcharging or internal short- 
circuiting. The resistance of these films was equal to 
or lower than the conventional polyolefin-based mi- 
croporous separators. The long-term cycling perfor- 
mance was also very comparable. 

Pasquier et al.^° used paper based separators in flat 
pouch type lithium-ion batteries and compared the 
performance with cells made with Celgard type 
polyolefin based separators. The paper separators 
had good wetting properties and good mechanical 
properties but did not provide the shutdown effect 
essential for large lithium-ion batteries. Their resis- 
tance was similar to polyolefin separators, and when 
all water traces were removed from paper, their 
cycling performance was similar to that of Celgard 
separators. The paper-based separators can be used 
in small flat pouch type cells where high strength 
and shutdown behavior is not required. For larger 
spherically wound cells, which require strong separa- 
tors with a shutdown feature, one can never use 
paper-based separators. 

Recently Degussa announced that they have de- 
veloped Separion separators for lithium batteries by 
combining the characteristics of flexible polymeric 
separators with the advantages of chemical and 
thermally resistant and hydrophilic ceramic materi- 
als. Separion is produced in a continuous coating 
process. Ceramic materials, e.g., alumina, silica, and/ 
or zirconia are slip coated and hardened onto a 
support.^^*®^ According to Degussa, Separion separa- 
tors have an excellent high temperature stability, 
superior chemical resistance, and good wettability, 



especially at low temperatures. They tested the 
performance and safety behavior of Separion separa- 
tor in 18650 cells and found the performance to be 
comparable to that of polyolefin-based separators.^^ 

The potential use of polymeric ion-exchange mem- 
branes in the next generation single-ion secondary 
lithium polymer batteries was shown by Sachan et 
^1 84.85 Conductivities exceeding lO""* S/cm with trems- 
ference numbers of unity were achieved for Nafion 
converted to the Li^ salt form. 

To obtain a thin (less than 15 jum) separator for 
lithium batteries, Optodot has taken a different 
approach of high-speed coating of a metal oxide sol- 
gel coating on a smooth surface followed by a delami- 
nation step to provide the free-standing separator. 
Using this approach, separator with thicknesses from 
6 to 11 fim was made on large-scale production 
coating equipment.®® They found that the sol-gel 
separators with a thickness in the middle of this 
range of 8— 9 jum have the preferred combination of 
thinness and strength. The metal oxide sol— gel 
coating is water-based with no organic solvents 
present. The coating formulations include a polymer 
and a surfactant. The polymer provides improved 
coating rheology, mechanical strength, and other 
properties. The surfactant provides improved wetting 
properties on the substrate. The films prepared were 
around 11 fim thick, with 45% porosity, and were 
completely wettable in nonaqueous electrolyte and 
had a melt temperature greater than 180 **C. These 
films are relatively thin and should help in increasing 
the capacity but may not be strong enough for tightly 
wound cells. Moreover, the shutdown temperature of 
the separator seems to be very high and thus not 
suitable for lithium-ion batteries. 

Gineste et al. carried out the grafting of hydrophilic 
monomers onto PP or PE separators to improve the 
wettability of separators used in secondary lithium 
batteries with a lower content of wetting agents.®^'®® 
They used a PP film (Celgard 2505) of 50 fim 
thickness after irradiating in air by electron beams 
with a dose ranging from 0.5 to 4 Mrad. The irradi- 
ated film was grafted by a monofunctional monomer 
(acrylic acid, AA), in the presence of difunctional 
cross-linking agent (diethylene glycol dimethacrylate, 
DEGDM). The separators start loosing mechanical 
properties, when the grafting ratio is higher than 
50%. 

6.1.2. Separator Requirements 

In lithium-based cells, the essential function of 
battery separator is to prevent electronic contact, 
while enabling ionic transport between the positive 
and negative electrodes. It should be usable on high- 
speed winding machines and possess good shutdown 
properties. The most commonly used separators for 
primary lithium batteries are microporous polypro- 
pylene membranes. Microporous polyethylene and 
laminates of polypropylene and polyethylene are 
widely used in lithium-ion batteries.^^ These materi- 
als are chemically and electrochemically stable in 
secondary lithium batteries. 
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The general requirements^^ for lithium-ion battery 
separators are given below. 

6.1.2.1. Thickness. The lithium-ion cells used in 
consumer applications use thin microporous separa- 
tors (<25 fim). The separators being developed for 
EV/HEV applications will require thicker (^^40 ^m) 
separators. The thicker the separator, the greater the 
mechanical strength and the lower the probability 
of punctures during cell assembly but the smaller the 
amount of active materials that can be placed in the 
can. The thinner separators take up less space and 
permit the use of longer electrodes. This increased 
both capacity and, by increasing the interfacial area, 
rate capability. The thinness also makes it a low 
resistance separator. 

6.1.2.2. Permeability. The separators should not 
limit the electrical performance of the battery under 
normal conditions. Typically the presence of separa- 
tor increases the effective resistivity of the electrolyte 
by a factor of 6— 7. The ratio of the resistivity of the 
separator filled with electrolyte divided by the resis- 
tivity of the electrolyte alone is called MacMullin 
number. MacMullin numbers are as high as 10—12 
have been used in consumer cells. 

6.1.2.3. Gurley (Air Permeability). Air perme- 
ability is proportional to electrical resistivity, for a 
given separator morphology. It can be used in place 
of electrical resistance (ER) measurements once the 
relationship between gurley and ER is established. 
The separator should have low gurley values for good 
electrical performance, 

6.1.2.4. Porosity. It is implicit in the permeability 
requirement; typically lithium-ion battery separators 
have a porosity of 40%. Control of porosity is very 
important for battery separators. Specification of 
percent porosity is commonly an integral part of 
separator acceptance criteria. 

6.1.2.5. Wettability. The separators should wet 
out quickly and completely in typical battery elec- 
trolytes. 

6.1.2.6. Electrolyte Absorption & Retention. A 

separator should be able to absorb and retain elec- 
trolyte. Electrolyte absorption is needed for ion 
transport. The microporous membranes usually do 
not swell on electrolyte absorption. 

6.1.2.7. Chemical Stability. The separators should 
be stable in the battery for a long period of time. They 
should be inert to both strong reducing and strong 
oxidizing conditions and should not degrade or loose 
mechanical strength or produce impurities, which can 
interfere with the function of the battery. The sepa- 
rator must be able to withstand the strong oxidizing 
positive electrode and the corrosive nature of the 
electrolyte at temperatures as high as 75 °C. The 
greater the oxidation resistance, the longer the 
separator will survive in a cell. Polyolefins (e.g., 
polypropylene, polyethylene) exhibit high resistance 
to most of the conventional chemicals, good mechan- 
ical properties, and a moderate temperature range 
for application making them Ideal polymers for 
lithium-ion battery separators. Polypropylene sepa- 
rators exhibit better oxidation resistance properties 
when in contact with the positive electrode in a 
lithium-ion cell. Thus, the oxidation resistance prop- 



erties of trilayer (PP/PE/PP) separators with PP as 
the outside layer and PE as inner layer are superior. 

6.1.2.7. Dimensional Stability. The separator 
should lay flat and should not curl at the edges when 
unrolled, as this can greatly complicate cell assembly. 
The separator should also not shrink when exposed 
to electrolyte. The cell winding should not affect the 
piorous structure in any adverse way. 

6.1.2.8. Puncture Strength. The separators used 
in wound cells require a high puncture strength to 
avoid penetration of electrode material through the 
separator. If particulate material from the electrodes 
penetrates the separator, an electrical short will 
result and the battery will be rejected. The separators 
used in lithium-ion batteries require more strength 
then the one used in lithium primary batteries. The 
primary lithium batteries have only one rough elec- 
trode, and thus it requires less strength. As empiri- 
cally observed, for most applications, the puncture 
strength should be at least 300 g/mil for separators 
used in lithium-ion cells. Mix penetration strength 
is a better measure of separator strength in a battery 
compared to puncture strength. 

6.1.2.9. Mix Penetration Strength. The suscep- 
tibility of separators to particle penetration is char- 
acterized by mix penetration strength.^^ During the 
winding of the spiral wrap construction considerable 
mechanical pressure is applied to the cathode— 
separator— anode interface. Any loose particle could 
be forced through the separator and short the cell. 
The mix penetration strength should be at least 100 
kgf/mil for separators used in lithium-ion cells. 

6.1.2.10. Thermal Stability. Lithium-ion batter- 
ies can be poisoned by water, and so materials going 
into the cell are typically dried at 80 **C under 
vacuum. Under these conditions, the separator must 
not shrink significantly and definitely must not 
wrinkle. Each battery manufacturer has specific 
drying procedures. The requirement of less than 5% 
shrinkage after 60 min at 90 'C (in a vacuum) in both 
MD and TD direction is a reasonable generalization. 

6.1.2.11. Pore Size. A key requirement of separa- 
tors for lithium batteries is that their pores be small 
enough to prevent dendritic lithium penetration 
through them. Membranes with submicrometer pore 
sizes have proven adequate for lithium batteries. 

6.1.2.12. Tensile Strength. The separator is 
wound with the electrodes under tension. The sepa- 
rator must not elongate significantly under tension 
in order to avoid contraction of the width. A tensile 
strength specification is sometimes given, but the key 
parameter is Young s modulus in the machine direc- 
tion. Since Young's modulus is difficult to measure, 
a 2% offset yield is a good measure; less than 2% 
offset at 1000 psi is acceptable for most winding 
machines. 

6.1.2.13. Skew. Ideally, when a strip of separator 
is laid out, the separator should be straight and not 
bow or skew. In practice, however, some skew is often 
observed. If sufficiently extreme, the skew can cause 
misalignment between the electrodes and separator. 
Skew can be measured by laying the separator flat 
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Table 5. General Requirements for Lithium-ion Battery Separator^" 



parameter 



goal 



thickness^-* (wm) 

electrical resistance (MacMullin no-.'^dimensionless) 
electrical resistance (ohms cm^) 
gurley'^ (s) 
pore size^ (wm) 
porosity (%) 

puncture strength'^(g/mil) 

mix penetration strength (kgf/mil) 

shrinkage* (%) 

tensile strength'' (%) 

shutdown temp ("C) 

high-temp melt integrity f*C) 

wettability 

chemical stability 

dimensional stability 

skew (mm/m) 



<25 

<8 

<2 

- 25/mU 
< 1 
-40 
>300 
>100 

<5% in both MD and TD 
<2% offset at 1000 psi 
-130 
>150 

complete wet out in typical battery electrolytes 
stable in battery for long period of time 
separator should lay flat; be stable in electrolyte 
<0.2 



^ ASTM D5947-96. Standard Test Methods for Physical Dimensions of Solid Plastics Specimens. ASTM International. * ASTM 
D2103. Standard Specification for Polyethylene Film and Sheeting", ASTM International. <^ Caldwell, D. L.; Poush, K. A. U.S. 
Patent, 4,464,238, 1984. ^ ASTM D726. Standard Test Methods for Identification of Fibers in Textiles. ASTM International. ' ASTM 
El 28-99. Standard test method for Maximum Pore Diameter and Permeability of Rigid Porous Filters for Laboratory Use. ASTM 
International. ^ASTM D3763. Standard Test Method for High-Speed Puncture Properties of Plastics using Load and Displacement 
Sensors. ASTM International. ^ ASTM D1204. Standard Test methods for Linear Dimensional Changes of Nonrigid Thermoplastic 
Sheeting or Film at Elevated Temperatures. ASTM International, ASTM D882. Standard Test Method for Tensile Properties of 
Thin Plastic Sheeting. ASTM International. 



on a table parallel with a straight meter stick. The 
skew should be less than 0.2 mm/m of separator. 

6.1.2.14. Shutdown. Lithium-ion batteries sepa- 
rators provide some margin of protection against 
short circuit and overcharge in lithium-ion cells. The 
separators exhibit a large increase in impedance at 
temperature about 130 **€ that effectively stops ionic 
transport between the electrodes. ^^'^^ The greater the 
mechanical integrity of the separator above 130 °C, 
the greater the margin of safety the separator can 
provide. If the separator loses mechanical integrity, 
then the electrodes can come into direct contact, react 
chemically, and result in thermal runaway. The 
shutdown behavior of a separator can be character- 
ized by heating the separator (saturated with elec- 
trolyte) to high temperatures and simultaneously 
monitoring the electrical resistance of the separa- 

tor.92.108 

6.1.2.15. High-Temperature Stability. A separa- 
tor might provide an extra margin of safety if it can 
prevent the electrodes from contacting one another 
at high temperatures. Separators with good mechan- 
ical integrity at high temperatures can provide a 
greater margin of safety for lithium-ion cells. Ther- 
mal mechanical analysis (TMA) can be used to 
characterize the high-temperature stability of sepa- 
rators. Utilizing TMA, the separator is held under 
constant load and the degree of elongation vs. tem- 
perature is measured; at the temperature where the 
separator loses mechanical integrity, the elongation 
increases dramatically. 

6.1.2.16. Electrode Interface. The separator 
should form a good interface with the electrodes to 
provide sufficient electrolyte flow. 

In addition to the above properties, the separator 
must be essentially free of any type of defects 
(pinholes, gels, wrinkles, contaminants, etc.). All of 
the above properties have to be optimized before a 
membrane qualities as a separator for a lithium-ion 



battery. The general requirements for lithium-ion 
battery separators are also summarized in Table 5. 

6.1.3. Separator Properties/Characterization 

Separators are characterized by structural and 

functional properties; the former describes what they 
are and the latter how they perform. The structural 
properties include chemical (molecular) and microc- 
rystalline nature, thickness, pore size, pore size 
distribution, porosity, and various chemical and 
physical properties such as chemical stability, and 
electrolyte uptake. The functional properties of inter- 
est are electrical resistivity, permeability, and trans- 
port number. It is useful to characterize separator 
materials in terms of their structural and functional 
properties and to establish a correlation of these 
properties with their performance in batteries. A 
variety of techniques are used to evaluate separators. 
Some of these techniques are discussed in this 
section. 

6.1.3.1. Gurley. Separator permeability is usually 
characterized by air permeability. The gurley number 
expresses the time required for a specific amount of 
air to pass through a specific area of separator under 
a specific pressure. The standard test method is 
described in ASTM-D726 (B). 

The gurley number is used to characterize separa- 
tors because the measurement is accurate and easy 
to make, and deviations from specific values are a 
good indication of problems. Air permeability (gurley) 
is proportional to electrical resistance (ER), for a 
given separator morphology. Gurley can be used in 
place of ER measurements once the relationship 
between gurley and ER is established. A lower gurley 
value means higher porosity, lower tortuosity, and 
accordingly lower ER. 

6.1.3.2. Electrical Resistance. The measurement 
of separator resistance is very important to the art 
of battery manufacture because of the influence the 
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separator has on electrical performance. Electrical 
resistance is a more comprehensive measure of 
permeability then the gurley number, in that the 
measurement is carried out in the actual electrolyte 
solution. The ionic resistivity of the porous membrane 
is essentially the resistivity of the electrolyte that is 
embedded in the pores of the separator. Typically, a 
microporous separator, immersed in an electrolyte 
has an electrical resistivity about 6—7 times that of 
a comparable volume of electrolyte, which it dis- 
places. It is a function of the membrane's porosity 
and tortuosity, the resistivity of the electrolyte, the 
thickness of the membrane, and the extent to which 
the electrolyte wets the pores of the membrane.^^ The 
electrical resistance of the separator is the true 
performance indicator of the cell. It describes a 
predictable voltage loss within the cell during dis- 
charge and allows one to estimate rate limitations. 

Classical techniques for measuring electrical re- 
sistivity of microporous separators have been de- 
scribed by Falk and Salkind^ and by Robinson and 
Walker.^"* The resistivity of an electrolyte is more 
accurately determined by ac methods since dc can 
polcu-ize the electrodes and cause electrolysis of the 
solution. Modem ac impedance measuring systems 
allow rapid measurements of cell resistance over a 
wide range or frequencies from which resistance can 
be calculated free of capacitance effects. Compared 
to the dc techniques, the equipment required and the 
theory necessary to interpret the ac techniques are 
more complex; however, ac measurements yield 
information about long-range migration of ions and 
polarization phenomena occurring within the cell. In 
an ac measurement, a sinusoidal voltage is applied 
to a cell, and the sinusoidal current passing through 
the cell as a result of this perturbation is determined. 
A four-electrode cell is usually used for resistivity 
measurements. The outer two electrodes serve to 
apply a sinusoidal potential, and the resulting cur- 
rent passing through the inner two electrodes is 
measured. This technique is employed to avoid the 
complications arising from a nonuniform potential 
field near the outer two electrodes. An excellent 
review of experimental techniques for measuring 
electrical resistivity in aqueous solution is avail- 
able.95'96 

The separator resistance is usually characterized 
by cutting small pieces of separators from the fin- 
ished material and then placing them between two 
blocking electrodes. The separators are completely 
saturated with the electrolyte. The resistance (Q) of 
the separator is measured at a certain frequency by 
ac impedance techniques. The frequency is chosen so 
that the separator impedance is equal to the separa- 
tor resistance. To reduce the measurement error, it 
is best to do multiple measurements by adding extra 
layers. The average resistance of single layer is 
determined from multiple measurements. The spe- 
cific resistivity, ps (Q cm), of the separator saturated 
with electrolyte is given by 



(1) 



Q, /I is the electrode area in cm^, and 1 is the 
thickness of membrane in cm. Similarly, the specific 
resistivity of the electrolyte, pe (Q cm), is given by 



Pe = — 



(2) 



where Re is the measured resistance of electrolyte in 
Q. The ratio of the resistivity of a separator mem- 
brane to that of the electrolyte is called the Mac- 
Mullin number, A^n, which can be used to predict the 
influence of the separator on battery performance.®^ 



N =^ = '- 



(3) 



where r is the tortuosity and € is the porosity of the 
separator. The MacMullin number describes the 
relative contribution of a separator to cell resistance. 
It is almost independent of electrolyte used and also 
factors out the thickness of the material. It assumes 
that the separator wets completely in the electrolyte 
used for the test. From eqs 1 and 3, the electrical 
resistance of a microporous membrane is given by the 
following5-*»4. 



(4) 



It has been shown for Celgard membranes that the 
membrane resistance can be related to the gurley 
number by" 



5 X 18 X 10 ^ 



(5) 



where Rs is the measured resistance of separator in 



where Rm is the membrane resistance (Q), A is the 
membrane area (cm^), pe is the specific electrolyte 
resistance (Q cm), is the gurley number (10 cm^ 
air, 2.3 mmHg), dis the pore size, and 5 x 18 x 10"^ 
is a scaling factor. 

The usual procedure for characterizing battery 
separators is to cut several test samples from the 
finished material. Thus, only a small portion of the 
separator is actually examined. lonov et al. has 
proposed an alternative technique to measure the 
resistance of a separator over a large separator 
area.®® In this technique, the separator material is 
passed through an electrolyte bath between electrical 
resistance measuring transducers. The set of trans- 
ducers installed in the bath transverse to the moving 
sheet of separator material examines the whole 
surface of the material. If the production process 
ensures good uniformity in the physicochemical 
properties of the separator material over the whole 
surface, the transducer outputs will clearly be close 
to one another. A nonuniform separator will cause 
significant deviations from the average value at 
various sections of the material. In this case, the 
sections having lower or higher resistance compared 
with the average value should be regarded as flawed. 

6.1.3.3. Porosity. The porosity is important for 
high permeability and also for providing a reservoir 
of electrolyte in the cell. Higher and uniform porosity 
is desirable for unhindered ionic current flow. Non- 
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uniform porosity leads to nonuniform current density 
and can further lead to reduced activity of the 
electrodes. Cell failure can result because during 
discharge some areas of the electrodes work harder 
then other. 

Porosity of a separator is defined as the ratio of 
void volume to apparent geometric volume. It is 
usually calculated (eq 6) from the skeletal density, 
basis weight, and dimensions of the material and so 
may not reflect the accessible porosity of the material. 

porosity (%) — 




(sample weight/sample volume) 
polymer density 



The standard test method is described in ASTM 
D-2873. The actual or accessible porosity can also be 
determined by the weight of liquid (e.g., hexadecane) 
absorbed in the pores of the separator. In this 
method, the separator weight is measured before and 
after dipping in hexadecane solvent, and the porosity 
is calculated (eq 7) by assuming that volume occupied 
by hexadecane is equal to the porous volume of the 
separator. 

porosity (%) = 

volume occupied by hexadecane ^ 
(volume of polymer + 

volume occupied by hexadecane) 

6.1.3.4. Tortuosity. Tortuosity is the ratio of mean 
effective capillary length to separator thickness. The 
tortuosity factor, r of a separator can be expressed 

by 




where 7s is the ion path through the separator and d 
is the thickness of the separating layer. 

Tortuosity is a long-range property of a porous 
medium, which qualitatively describes the average 
pore conductivity of the solid. It is usual to define r 
by electrical conductivity measurements. With knowl- 
edge of the specific resistance of the electrolyte and 
from a measurement of the sample membrane resis- 
tance, thickness, area, and porosity, the membrane 
tortuosity can be calculated from eq 3. 

This parameter is widely used to describe the ionic 
transport by providing information on the effect of 
pore blockage. A tortuosity factor r = 1, therefore, 
describes an ideal porous body with cylindrical and 
parallel pores, whereas values of r > 1 refer to more 
hindered systems. Higher tortuosity is good for 
dendrite resistance but can lead to higher separator 
resistance. 

6.1.3.5. Pore Size and Pore Size Distribution. 

For any battery applications, the separator should 
have uniform pore distribution to avoid performance 
losses arising from nonuniform current densities. The 
submicrometer pore dimensions are critical for pre- 
venting internal shorts between the anode and the 
cathode of the lithium-ion cell, particularly since 
these separators tend to be as thin as 25 ^m or less. 



This feature will be increasingly important as battery 
manufacturers continue to increase the cell capacity 
with thinner separators. The pore structure is usually 
influenced by polymer composition, and stretching 
conditions, such as drawing temperature, drawing 
speed, and draw ratio. In the wet process, the 
separators produced by the process of drawing after 
extraction (as claimed by Asahi Chemical and Mitsui 
Chemical) are found to have much larger pore size 
(0,24—0.34 /^m) and wider pore size distribution than 
those produced by the process of extraction (0, 1—0.13 
fjLVt^ after drawing (as claimed by Tonen).^^ 

The testing of battery separators and control of 
their pore characteristics are important requirements 
for proper functioning of batteries. Mercury porosim- 
etry has been historically used to characterize the 
separators in terms of percentage porosity, mean pore 
size and pore size distribution. In this method, the 
size and volume of pores in a material are measured 
by determining the quantity of mercury, which can 
be forced into the pores at increasing pressure. 
Mercury does not wet most materials, and a force 
must be applied to overcome the surface tension 
forces opposing entry into the pores. 

The hydrophobic (e.g. polyolefins) separators are 
also characterized with Aquapore (non-mercury po- 
rosimetry) technique, where water is used in place 
of mercury. This is a very useful technique for 
characterizing polyolefin-based separators used in 
lithium batteries. Porosimetry gives pore volume, 
surface area, mean pore diameter, and pore size 
distribution. In a typical experiment, the sample is 
placed in the instrument and evacuated. As the 
pressure increase, the quantity of water forced into 
the pores increases in proportion to the differential 
pore volume, the size of the pores corresponding to 
the instantaneous pressure. Thus, increasing the 
pressure on a membrane having a given pore size 
distribution results in a unique volume vs pressure 
or pore diameter curve. The pressure required for 
intrusion of water in to a pore of diameter, A is given 
by following equation 

D = i2i^ (9) 
P 

where D is the diameter of the pore assuming the 
pore to be cylindrical, p is the differential pressure, 
y is the surface tension of the nonwetting liquid, 
water, and 9 is the contact angle of water. The pores 
generally are not of spherical shape of a constant 
diameter. They usually vary in their form and size. 
Thus, statements of any pore diameter are always 
to be viewed with the above in mind. 

Another technique, capillary flow porometry has 
been developed by Porous Materials Inc.^°^ to char- 
acterize battery separators. The instrument can 
measure a number of characteristics of battery 
separators such as size of the pore at its most 
constricted part, the largest pore size, pore size 
distribution, permeability, and envelope surface 
area,*°® 

Scanning electron microscopy (SEM) is also used 
to examine separator morphology. SEM pictures of 
some commercial membranes are shown in Figures 



4432 Chemical Reviews, 2004, Vol. 104, No. 10 



Arora and Zhang 



id 




Figure 4. Scanning electron micrographs of the surface of single layer Celgard separators used in lithium batteries: (a) 
2400 (PP). (b) 2500 (PP). and (c) 2730 (PE), 




Figure 5. Scanning electron micrographs of Celgard 2325 (PP/PE/PP) separator used in lithium-ion batteries: (a) surface 
SEM and (b) cross-section SEM. 



4-6. The surface SEM of Celgard 2400, 2500. and 
2730 are shown in Figure 4. It is clear from the 
images that the pores are uniformly distributed. Both 
Celgard 2400 and 2500 are single layer PP separa- 
tors, but the pore size of Celgard 2500 is substantially 
larger than Celgard 2400. Thus, it has lower resis- 
tance and is more suited for high rate applications. 



Figure 5 shows the surface SEM and cross-section 
SEM of Celgard 2325. The surface SEM only shows 
the PP pores while the PE pores are visible in the 
cross-section. It is clear from the image that all three 
layers are of equal thickness. The SEM of separators 
made by wet process are shown in Figure 6. The pore 
structure of all of these membranes is very similar. 
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Figure 6. Scanning electron micrographs of separators made by wet process and used in lithium- ion batteries: (a) Setela 
(Tonen). (b) Hipore-l (Asahi), (c) Hipore^e (Asahi), and (d) Teklon (Entek). 



Asahi-1 (Figure 6b) separator has significantly larger 
pores compared to the other membranes. 

Image analysis has been used to characterize the 
pore structure of synthetic membrane materials. 
The Celgard films have also been characterized by 
scanning tunneling microscopy, atomic force micros- 
copy, and field emission scanning electron micros- 
copy. The pore size of the Celgard membranes 
can also be calculated from eq 5, once the MacMullin 
number and gurley values are known. 

6.1.3.6. Puncture Strength. A separator is re- 
quired to have sufficient physical strength to endure 
the rigors of cell assembly and day-to-day charge— 
discharge cycling. Physical strength is required to 
withstand basic handling, cell blocking/assembly, 
physical shock, punctures, abrasion, and compres- 
sion. 

The puncture strength (PS) is the weight that must 
be applied to a needle to force it completely through 
a separator. "^^'^^^ It has been used to indicate the 
tendency of separators to allow short-circuits in a cell 
that may occur due to holes generated in the separa- 
tor by the rough surface of an electrode during the 
battery assembly and charge— discharge cycle. The 
PS requirement for lithium-ion batteries is higher 
them lithium-foil batteries, because the separator 
must contend with two rough surfaces. Commercially 



available puncture strength machines made for tex- 
tiles tend to give meaningless results when testing 
battery separator membranes. More reproducible 
results can be obtained with a load frame (such as 
an Instron Machine). The mix penetration strength 
is a better measure of mechanical strength for battery 
separators as it measures the force required to create 
a short through the separator when electrode mix is 
pushed through it. 

The strength of the separator depends greatly on 
the materials used and the manufacturing method. 
The wet-biaxial method simultaneously stretches in 
the MD and TD directions and thus achieves a 
material that has tensile modulus and rupture 
strength in both directions. Both high polymer en- 
tanglement and stretching help increase the physical 
strength of the separator, 

6.1.3.7. Mix Penetration Strength. The force 
required to create a short through a separator due 
to mix (electrode material) penetration defines mix 
penetration strength. In this test force (with a Vz in. 
diameter ball) is applied on the positive electrode/ 
separator/negative electrode sandwich, and the force 
at which the mix penetrates through the separator 
and creates an electronic short is called mix penetra- 
tion force. Mix penetration strength is used to 
indicate the tendency of separators to allow short- 
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Figure 7. Internal impedance (at 1 kHz) of Celgard 2325 (PP/PE/PP) separator as a function of temperature. Heating 
rate: 60 *C/min. 



circuits during battery assembly. The mix penetra- 
tion resistance test is more closely related to particle 
penetration resistance compared to puncture resis- 
tance,"*^ 

6.1.3.8. Tensile Strength. The tensile strength 
measurements (e.g., Young's modulus, percent offset 
strength, elongation at break, and stress at break) 
can be made by utilizing widely known standard 
procedures. These tests are carried out in both MD 
and TD directions. The tensile properties are depend- 
ent on the manufacturing process. The uniaxially 
oriented films have high strength in only one direc- 
tion, whereas biaxially oriented films are more 
uniformly strong in both MD and TD directions. 
ASTM test method D88-00, "Standard test method 
for tensile properties of thin plastic sheeting", is an 
appropriate test. 

The separator should be strong enough to with- 
stand mechanical handling during cell winding and 
assembly. It should be dimensionally stable and 
should not neck down during winding. The decrease 
in width will allow the electrodes to touch each other 
and create a short. Thus, the tensile property of the 
separator should be very strong in MD direction 
compared to TD direction. 

6.1.3.9. Shrinkage. Shrinkage test is carried out 
on both MD and TD directions. In this test, the 
dimensions of separators are measured and then 
stored at 90 ^'C for a fixed time. The shrinkage is then 
calculated from the change in dimensions as shown 
in eq 10. 

shrinkage (%) = ^1—^ x ICQ (10) 



where Li is the initial length and Lf is the final length 
of separator after high temperature storage. The 
uniaxially stretched separators tend to shrink in the 
MD direction only, while the biaxially stretched 
separators shrink in both MD and TD directions. The 
shrinkage of separators can also be compared by 
carrying out the thermal mechanical analysis (TMA) 
test at a constant load and rate. 

6.1.3.10. Shutdown. Separator shutdown is a 
useful and essential mechanism for limiting temper- 



ature and preventing venting in short-circuited cells. 
It usually takes place close to the melting tempera- 
ture of the polymer when the pores collapse turning 
the porous ionically conductive polymer film into a 
nonporous insulating layer between the electrodes. 
At this temperature there is a significant increase 
in cell impedance and passage of current through the 
cell is restricted. This prevents further electrochemi- 
cal activity in the cell, thereby shutting the cell down 
before an explosion can occur. 

The ability of the PE based separator to shutdown 
the battery is determined by its molecular weight, 
percent crystallinity (density) and process history. 
Material properties and processing methods might 
need to be tailored so that the shutdown response is 
spontaneous and complete. The optimization needs 
to be done without affecting the mechemical proper- 
ties of the material in the temperature range of 
interest. This is easier to do with the trilayer separa- 
tors manufactured by Celgard since one material is 
utilized for the shutdown response and another for 
the mechanical properties. Polyethylene containing 
separators, in particular trilayer laminates of polypro- 
pylene, polyethylene, and polypropylene, appear to 
have the most attractive properties for preventing 
thermal runaway in lithium-ion cells. ^^'^^^ The shut- 
down temperature of 130 °C is usually enough to 
control the cell heating and avoid thermal runaway 
in lithium-ion cells. A lower temperature shutdown 
will be desirable if it does not affect the separator 
mechanical properties or high-temperature cell per- 
formance in any adverse way. 

The shutdown property of separators is measured 
by measuring the impedance of a separator while the 
temperature is linearly increased.®^'^^* Figure 7 shows 
the actual measurement for Celgard 2325 membrane. 
The heating rate was around 60 °C/min, and the 
impedance was measured at 1 kHz. The rise in 
impedance corresponds to a collapse in pore structure 
due to melting of the separator. A 1000-fold increase 
in impedance is necessary for the separator to stop 
thermal runaway in the battery. The drop in imped- 
ance corresponds to opening of the separator due to 
coalescence of the polymer and/or to penetration of 
the separator by the electrodes; this phenomenon is 
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referred to as a loss in "melt integrity". This test is 
fairly reliable in indicating the temperature at which 
the impedance rises but shows some variability in 
characterizing the subsequent drop in impedance. 

In Figure 7, the shutdown behavior of a multilayer 
(PP/PE/PP) separator (Celgard 2325) is shown. The 
impedance rise occurred near the melting point of 
polyethylene (130 **C) and remained high until such 
time as the melting point of polypropylene (165 °C) 
is attained. The shutdown temperature of the sepa- 
rator is governed by the melting point of the separa- 
tor material. At the melting point the pores in the 
separator collapse to the form a relatively nonporous 
film between the anode and the cathode. This was 
confirmed by DSC as shown in Figure 8. The DSC 
scan in Figure 8 gives a peak melting temperature 
of 135 X for Celgard 2730, 168 ^C for Celgard 2400, 
and 135/165 ""C for Celgard 2325. The shutdown 
behavior of thinner separators (<20 f^m) is very 
similar to thicker separators. The battery manufac- 
turers have been very successful in using the thinner 
separators without compromising on the shutdown 
behavior of the separators. 

Laman et al. introduced the use of impedance 
measurements as a function of temperature to char- 
acterize shutdown separators. Using a temperature 
scan rate of 1 °C/min, they found that the impedance 
increased several orders of magnitude near the 
melting point of the separator. They verified the 
patent claims of Lundquist et al.*^* that bilayer 
separators of PE and PP gave a temperature window 
of high impedance extending approximately between 
the melting point of the polymers. The concept of 
using separators consisting of distinct layers, one of 
which could act as a fuse, was developed by Lun- 
dquist et al.^^^'^*^ Laman's results have been cor- 
roborated by Geiger et al.'*^ and Spotnitz et al.^°^-**^ 
Spotnitz et al. developed a thin layer cell which 



allowed temperature scan rates of 5 **C/min and 
higher and obtained results similar to those of Laman 
et al. 

Prior work related with shutdown separators also 
involved application of waxes on membranes. In 
these cases, the wax or low melting polymers were 
coated on the polyolefin separator. The disadvantage 
of this technique is that the coating can block the 
pores of the separator and thus can affect the 
performance by increasing separator resistance. More- 
over, the coating level has to be very high to get 
complete shutdown. 

The shutdown characteristic provides protection 
from external short-circuit and during cell over- 
charge. It provides little protection from internal 
shorts should they occur. Should the electrodes touch 
each other or become shorted from a dendritic growth 
of soluble impurity or other dendrite forming soluble 
material, the separator only helps in avoiding delayed 
failures. In the case of an instant failure during an 
internal short circuit, the heating rate is too high and 
the separator shutdown is not fast enough to control 
the heating rate. 

6.1.3.11. Melt Integrity. The separators used in 
lithium-ion batteries should have high-temperature 
melt integrity. The separator should maintain its 
melt integrity after shutdown so that the electrodes 
do not touch and create a short. This helps in 
avoiding the thermal runaway even when the cell is 
exposed to high temperatures. Thermal mechanical 
analysis (TMA) is a very good technique to measure 
the high-temperature melt integrity of separators. 

TMA involves measuring the shape change of a 
separator under load while the temperature is lin- 
early increased. Typically, separators show some 
shrinkage and then start to elongate and finally 
break as shown in Figure 9. This test utilizes a small 
separator samples (about 5—10 mm length (MD) and 
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Figure 9. TMA of Celgard 2400 (PP) and 2325 (PP/PE/PP). A constant load (2 g) is applied while the temperature is 
ramped at 5 "C/min. 

Table 6.. TMA Data for Typical Celgard Separators 





Celgard 2400 


Celgard 2325 


shrinkage onset temp {^C) 


121 


106 


deformation temp (*C) 


156 


135. 154 


rupture temp ("C) 


183 


192 



about 5 mm width), which is held in mini-instron type 
grips. The sample is held with a constant 2 g load 
while the temperature is ramped at 5 '^C/min past 
the melting point until the tension ruptures the film. 
Three parameters are reported from TMA test- 
shrinkage onset temperature, melt temperature, and 
melt rupture temperature. It has proved to be a more 
reproducible measure of melt integrity of the separa- 
tor.108 

Figure 9 shows the TMA data for two different 
Celgard membranes. The shrinkage onset tempera- 
ture, deformation temperature, and rupture temper- 
ature are summarized in Table 6. The single layer 
PP membrane (Celgard 2400) showed a higher soft- 
ening temperature (^121 °C), a deformation temper- 
ature around 160 **C. and a very high rupture 
temperature around 180 **C. The multilayer polypro- 
pylene/polyethylene/polypropylene separator (Cel- 
gard 2325) combined the low-temperature shutdown 
property of polyethylene with the high-temperature 
melt integrity of polypropylene, resulting in a sepa- 
rator with softening (~I05 °C) and melt temperature 
{~135 °C) very similar to that of PE and rupture 
temperature (~190 °C) very similar to that of PP. 

Separators with melt integrity greater than 150 **C 
are desirable for lithium-ion cells. The trilayer sepa- 
rators with polypropylene on the outside help in 
maintaining the melt integrity of the separators at 
higher temperatures compared to single layer PE 
separators. This is especially important for bigger 
lithium-ion cells being developed for hybrid and 
electric vehicles. 



6.1.3.12. Wettability and Wetting Speed. Two 

physical properties of separators, which are impor- 
tant to the operating characteristics of a battery, are 
electrolyte absorption and electrolyte retention. Any 
good separator should be able to absorb a significant 
amount of electrolyte and also retain the absorbed 
electrolyte when the cell is in operation. These are 
more important in sealed cells where no free elec- 
trolyte is present. A maximum amount of electrolyte 
in the separator is desirable to achieve minimum cell 
internal resistance. 

The separator wettability can limit the perfor- 
mance of batteries by increasing the separator and 
cell resistance. Separator wetting speed can be cor- 
related with electrolyte filling time in real cells. The 
wetting speed is determined by the type of polymer 
(surface energy), pore size, porosity, and tortuosity 
of the separators. There is no generally accepted test 
for separator wettability. However, simply placing a 
drop of electrol)^e on the separator and observing 
whether the droplet quickly wicks into the separator 
is a good indication of wettability. The contact angle 
is also a good measure of wettability. 

The uptake of electrolyte by many hydrophobic 
polymer separators can be enhanced either by wet- 
ting agents or ionic-functional groups (e.g. ion- 
exchange membranes). 

6. 1.4, Effect of Separator on Cell Performance and Safety 

Although the material of a battery separator is 
inert and does not influence electrical energy storage 
or output, its physical properties greatly influence the 
performance and safety of the battery. This is espe- 
cially true for lithium-ion cells, and thus the battery 
manufacturers have started paying more attention 
to separators while designing the cells. The cells are 
designed in such a way that separators do not limit 
the performance, but if the separator properties are 
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Table 7. Safety and Performance Tests for Lithium-Ion Batteries and the Corresponding Important Separator 
Property and Its Effect on the Cell Performance and/or Safety 



cell property 



separator property 



comments 



cell capacity 

cell internal resistance 

high rate performance 

fast charging 

high-temp storage 

high-temp cycling 
self-discharge 

long-term cycling 

overcharge 

external short circuit 
hotbox 

nail crush 

bar crush 



thickness 
resistance 

resistance 

resistance 

oxidation resistance 

oxidation resistance 
weak areas, pinholes 

resistance, shrinkage, pore size 

shutdown behavior; 

high-temp melt integrity 
shutdown behavior 
high-temp melt integrity 

shutdown (to stop delayed failure) 

shutdown (to stop delayed failure) 



cell capacity can be increased by making the separator thinner 
separator resistance is a function of thickness, pore size, porosity, 
and tortuosity 

separator resistance is a function of thickness, pore size, porosity, 

and tortuosity * 
low separator resistance will aid in overall faster charging by 

allowing higher and/or longer constant current charging 
oxidation of separators can lead to poor storage performance and 

reduce performance life 
oxidation of separators can lead to poor cycling performance 
soft shorts during cell formation and testing can lead to 

internal current leakage 
high resistance, high shrinkage and very small pore size can 

lead to poor cycling performance 
separator should completely shutdown and then maintain its 

melt integrity at high temp 
separator shutdown stops the cells from overheating 
separator should be able to keep the two electrodes apart at 

high temp 

in the case of internal shorts, the separator may be the only 

safety device to stop the cell from overheating 
in the case of internal shorts, the separator may be the only 

safety device to stop the cell from overheating 



not uniform, or if there are other issues, it can affect 

the performance and safety of cells. This section will 
focus on the effect of the separator properties on cell 
performance and safety. Table 7 shows different 
types of safety and performance tests for lithium-ion 
batteries and the corresponding important separator 
property and how it affects performance and/or 
safety. 

To achieve good performance of lithium-ion cells, 
the separators should have low resistance, low shrink- 
age and uniform pore structure. The separator with 
high resistance will perform poorly during high rate 
discharge and will also increase the cell charging 
time. Low shrinkage is a very important character- 
istic for separators, especially for higher capacity 
cells. These cells are used in high-speed laptop 
computers, which can experience higher tempera- 
tures (~70-75 X) under certain conditions. This 
can lead to shrinkage of separators and ultimately 
higher cell resistance and poor long-term cycling. The 
shrinkage in TD direction can lead to safety issues 
because of an internal short between the electrodes. 
Larger pores can lead to shorts during cell manufac- 
turing or can fail during hipot testing. Larger pores 
will allow more soft shorts and higher self-discharge, 
especially during high-temperature storage. Very 
small pore size can lead to higher resistance and 
poor cycle life during high-temperature cycling and 
storage. Thus, the pore size of the separator should 
be optimized to achieve good strength and perfor- 
mance. 

One of the ways to increase cell capacity is by 
decreasing the thickness of separators. The newer 
high capacity cells {>2.0 A h) generally use 20 and 
16 //m separators as compared to 25 pim separators 
used in cells with 1.6—1.8 A h capacity. The thinner 
separators offer lower resistance and help in increas- 
ing the capacity. However, they can hold less elec- 



trolyte and their mechanical strength is not as high 
as thicker separators. Thus, appropriate changes 
should be made in cell design to keep the cell safe. 
The handling and manufacturing of thinner separa- 
tors is also a challenge for the separator manufactur- 
ers. They are required to maintain the same electrical 
and mechanical properties and to have better quality 
for thinner separators. The separator manufacturers 
have installed better controls and quality standards 
and have started offering 16-/^m separators. A lot of 
battery experts are of the opinion that the 16-//m is 
the thinnest they can use and still maintain the 
stringent performance and safety requirements of 
lithium-ion cells. 

The separators inside the lithium-ion batteries 
experience extreme oxidizing environment on the 
side facing the positive electrode and extreme re- 
ducing environment on the side facing the negative 
electrode. The separators should be stable in these 
conditions during long-term cycling especially at 
high temperatures. Separators with poor oxidation 
resistance can lead to poor high-temperature stor- 
age performance and poor long-term cycling be- 
havior. The oxidation resistance properties of trilayer 
(PP/PE/PP) separators with PP as the outside layer 
and PE as inner layer is superior compared to 
polyethylene separators. This is because of the better 
oxidation resistance properties of polypropylene in 
contact with the positive electrode in a lithium-ion 
cell. 

The products formed by the decomposition of the 
electrolyte can also block the pores of the separator, 
leading to increase in cell resistance. The separators 
with lower resistance also helps in better low tem- 
perature performance. At very low temperatures, the 
resistance of the electrolytes is very high and thus 
smaller contribution from separator helps in keeping 
the cell resistance lower. 
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Zeng et al.^^^ has shown that small amounts of 
active lithium metal could be added to a lithium-ion 
battery via the separator by using vacuum deposition 
techniques. The lithium films (4—8 pim) were depos- 
ited onto a microporous PP film and showed that the 
lithium electrochemically reacted with either elec- 
trode and thus the intrinsic irrereversible capacity 
of the negative electrode was compensated for using 
volumetrically efficient lithium metal. This may be 
a novel idea to allow higher capacity designs but is 
likely impractical and uneconomical due to issues 
involved with lithium plating on polymer films and 
handling the resulting films. 

The lithium-ion cells have demonstrated power loss 
when aged and/or cycled at high temperatures. Norin 
et al."® demonstrated that the separator is at least 
partly responsible for the power loss due to the 
intrinsic increase in its ionic resistance. They showed 
that impedance increased significantly upon cycling 
and/or aging of lithium-ion cells at elevated temper- 
atures and that separators accounts for '^15% of the 
total cell impedance rise. They later reported that the 
loss in ionic conductivity of the separator was due to 
blocking of the separator pores with the products 
formed due to electrolyte decomposition, which was 
significantly accelerated at elevated temperatures. 

The U.S. Department of Transportation (DOT) 
classifies all lithium-ion batteries as hazardous ma- 
terials for shipping in the same category as lithium 
metal primary batteries.'^i It grants exceptions based 
on the cell capacity and ability of the cells to pass 
specified tests. There are several groups that regu- 
late, or provide testing, to verify safe operation of 
lithium-ion cells under abuse conditions. In addition, 
the UL Laboratories, the International Electro- 
technic Commission, and the United Nations^^^ 
have developed standardized safety testing proce- 
dures. These tests are designed to ensure that cells 
are safe to ship and are resistant to typical abuse 
conditions such as internal shorting, overcharge, 
overdischarge, vibration, shock, and temperature 
variations that may be encountered in normal trans- 
portation environments. 

Underwriters Laboratories (UL) requires that con- 
sumer batteries pass a number of safety tests (UL 
1642^26 and UL-2054^27) jhere are similar recom- 
mendations from UN for transport of dangerous 
goods, and from the International Electrotechnical 
Commission (lEC) and Japan Battery Association.* 2® 
An abnormal increase in cell temperature can occur 
from internal heating caused by either electrical 
abuse— overcharge or short circuit— or mechanical 
abuse— nail penetration or crush. A higher cell tem- 
perature could also be a result of external heating. 
For this reason, battery packs containing lithium- 
ion cells are designed with safety control circuits that 
have redundant safety features (PTC, CID, vent, 
thermal fuse, etc.). Shutdown separators are one of 
the safety devices inside the cell and act as a last 
line of defense. The separator shutdown is irrevers- 
ible, which is fine for polyethylene-based separators, 
which melt around 130 **C. 

The impedance of the separator increases by 2—3 
orders of magnitude due to an increase in cell 



temperature, which results from cell abuse (e.g., 
short circuit, overcharge). The separator should not 
only shutdown around 130 **C, but it should also 
maintain its mechanical integrity at higher temper- 
atures, preferably at temperatures. If the separator 
does not shutdown properly then the cell will con- 
tinue to heat during an overcharge test and can lead 
to thermal runaway. The high-temperature melt 
integrity of separators is also a very important 
property to keep the cell safe during extended 
overcharge or during extended exposure to higher 
temperatures. 

Figure 10 shows a typical short-circuit curve for 
an 18650 lithium-ion cell with shutdown separator, 
LiCoOz positive electrode, and MCMB carbon nega- 
tive electrode. The cell does not have other safety 
devices (e.g., CID, PTC), which usually work before 
separator shutdown. As soon as the cell is short- 
circuited externally through a very small shunt 
resistor, the cell starts heating because of the large 
current drained through the cell. The shutdown of 
the separator, which occurs around 130 °C, stops the 
cell from heating further. The current decrease is 
caused by increase of battery internal resistance due 
to separator shutdown. The separator shutdown 
helps in avoiding the thermal runaway of the cell. 

Cells can be overcharged when the cell voltage is 
incorrectly detected by the charging control system 
or when the charger breaks down. When this hap- 
pens, the lithium ions remaining in the cathode are 
removed and more lithium ions are inserted into the 
anode then under standard charging conditions. If 
the lithium insertion ability of the carbon anode is 
small, lithium metal in the form of dendrites may be 
deposited on the carbon and this causes a drastic 
reduction in thermal stability. At higher charging 
rates, the heat output increases greatly because the 
joule heat output is proportional to PR, Several 
exothermic reactions (e.g., reaction between lithium 
and electrolyte, thermal decomposition of anode and 
cathode, thermal decomposition of electrolyte, etc.) 
occur inside the cell as its temperature increases. 
Separator shutdown happens when the cell temper- 
ature reaches the melting point of polyethylene as 
shown in Figure 11. The CID and PTC of the 18650 
cells was removed to test the performance of separa- 
tor alone. The current decrease is caused by increase 
of battery internal resistance due to separator shut- 
down. Once the pores of the separator have closed 
due to softening, the battery cannot continue to be 
charged or discharged, and thus thermal runaway 
is prevented. During continued overcharge, the sepa- 
rator should maintain its shutdown feature and 
should not allow the cell to heat again. It should also 
maintain its melt integrity and should not allow the 
two electrodes to touch each other. 

The separator should also not allow any dendrite 
to penetrate through the separator to avoid internal 
shorts. During an internal short, the separator is the 
only safety device that can stop the thermal runaway, 
if the failure is not instant. If the heating rate is too 
high, then instant failure will occur which cannot be 
stopped by separator shutdown. If the heating rate 
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Figure 10. Typical short-circuit behavior of a 18650 lithium-ion cell with shutdown separator and without PTC (positive 
temperature coefficient) and CID (current interrupt device). This test simulates an external short circuit of a cell. 
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Figure 1 1. Typical overcharge behavior of a 18650 lithium-ion cell with shutdown separator. The PTC (positive temperature 
coefficient) and CID (current interrupt device) were removed from the cell header. 



is not too high then the separator shutdown can help 
in controlling the heating rate and stop thermal 
runaway. 

Generally in a nail penetration test, an instanta- 
neous internal short would result the moment the 
nail is tucked into the battery. Enormous heat is 
produced from current flow (double layer discharge 
and electrochemical reactions) in the circuit by the 
metal nail and electrodes. Contact area varies ac- 
cording to depth of penetration. The shallower the 
depth, the smaller the contact area and therefore 
the greater the local current density and heat pro- 



duction. Thermal runaway is likely to take place as 
local heat generation induces electrolyte and elec- 
trode materials to decompose. On the other hand, if 
the battery is fully penetrated, the increased contact 
area would lower the current density, and conse- 
quently all tests would pass the nail penetration test. 
Internal short-circuit tests are more difficult to pass 
then the external short-circuit tests described earlier, 
because contact area between metal nail contact is 
smaller than the contact area between current col- 
lectors, where the current density would therefore be 
larger. 
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Figure 12. Typical nail penetration behavior of a 18650 lithium-ion cell with shutdown separator. This test simulates 
internal short circuit of a cell. Key: (a) cell passed nail penetration test; (b) cell failed nail penetration test. 



Figure 12 shows the typical nail penetration be- 
havior of a 18650 lithium-ion cell with shutdown 
separator. LiCoOz positive electrode, and MCMB 
carbon negative electrode. Clearly, there was a volt- 
age drop from 4.2 to 0.0 V, instantaneously, as the 
nail penetrates through (when an internal short 
circuit occurs) , and the temperature rose. When the 
heating rate is low, the cell stops heating when the 
temperature is close to separator shutdown temper-' 
ature as shown in Figure 12a. If the heating rate is 
very high, then the cell continues to heat and fails 
the nail penetration test as shown in Figure 12b. In 
this case, the separator shutdown is not fast enough 
to stop cell from thermal runaway. Thus, the separa- 
tor only helps in avoiding delayed failures in the case 
of internal short circuit as simulated by nail and bar 
crush tests. Separators with high-temperature melt 
integrity and good shutdown feature (to avoid de- 
layed failures) are needed to pass the internal short- 
circuit test. Thinner separators (<20 /im) used in 
high capacity cells should offer shutdown and high- 
temperature melt integrity properties similar to those 
of thicker separators. The decrease in separator 
strength should be balanced with changes in cell 
design. The separator properties across the length 
and width should be very uniform to keep the cell 
safe during abnormal use. 

The mechanism and characteristics of thermal 
cutoff devices in several prismatic lithium-ion cells 
was studied by Venugopal*^^ by monitoring the 
impedance at 1 kHz and the open circuit voltage 
(OCV) of the cells as a function of temperature. All 
the cells studied contained PE-based separators with 
a shutdown temperature between 130 and 135 "C, 
Within this narrow temperature range, the shutdown 
separators caused a sharp and irreversible rise in 
impedance of the cell. Single layer PE separators 
were effective up to around 145 °C, above which they 



demonstrated a meltdown effect. Trilayer separators 
had meltdown temperatures as high as 160 
because of the presence of additional layers of higher 
melting PP. It was found that the separators are not 
able to shutdown the cell completely. In the case of 
an overcharged test, the cell could continue to charge 
at lower currents even after the shutdown event, 
rendering the cell a potential hazard if not disposed 
immediately and safely. This usually does not become 
an issue in commercial cells because the cell manu- 
facturers have addressed this issue by including 
multiple cutoff devices within a single cell. 

Development efforts are under way to displace the 
use of microporous membranes as battery separators 
and instead use gel electrolytes or polymer electro- 
lytes. Polymer electrolytes, in particular, promise 
enhanced safety by eliminating organic volatile sol- 
vents. The next two sections are devoted to solid 
polymer and gel polymer type lithium-ion cells with 
focus on their separator/electrolyte requirements. 

6.2. Lithium Polymer 

Because of their high theoretical capacity, lithium 
polymer batteries have long been identified as a very 
promising technology to meet the requirements of 
upcoming applications such as standby power and 
electric vehicles. Research and development of poly- 
mer electrolytes for ambient-temperature recharge- 
able lithium batteries has always been very active. 
Rapid progress for the past 2 decades in this field 
has led to numerous monographs and reviews. ^^^"^^^ 
These polymers are generally polyethers, poly- 
(ethylene oxide) (PEO), or poly{propylene oxide) 
(PPO). 

Solid polymer electrolytes serve two principal roles 
in rechargeable lithium batteries. Not only do they 
function as the traditional electrolyte, i.e., the me- 
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dium for ionic transport but also they function as the 
separator which insulates the cathode from the 
anode. Consequently, the polymer electrolyte must 
have sufficient mechanical integrity to withstand 
electrode stack pressure and stresses caused by 
dimensional changes, which the rechargeable elec- 
trodes undergo during charge/discharge cycling. 

Lithium polymer electrolytes formed by dissolving 
a lithium salt LiX (where X is preferably a large soft 
anion) in poly(ethylene oxide) PEO can find useful 
application as separators in lithium rechargeable 
polymer batteries. ^^^"^'^'^ Thin films must be used due 
to the relatively high ionic resistivity of these poly- 
mers. For example, the lithium-ion conductivity of 
PEO— Li salt complexes at 100 is still only about 
Viooth the conductivity of a typical aqueous solution. 

A polymer electrolyte with acceptable conductivity, 
mechanical properties and electrochemical stability 
has yet to be developed and commercialized on a 
large scale. The main issues which are still to be 
resolved for a completely successful operation of these 
materials are the reactivity of their interface with 
the lithium metal electrode and the decay of their 
conductivity at temperatures below 70 '^C. Croce et 
al. found an effective approach for reaching both of 
these goals by dispersing low particle size ceramic 
powders in the polymer electrolyte bulk.*^* *"*^ They 
, claimed that this new "nanocomposite polymer elec- 
trolytes" had a very stable lithium electrode interface 
and an enhanced ionic conductivity at low tempera- 
ture, combined with good mechanical properties. Fan 
et al.*^^ has also developed a new type of composite 
electrolyte by dispersing fumed silica into low to 
moderate molecular weight PEO. 

The gel type polymer electrolyte prepared by 
dispersing ceramic powders (e.g., AI2O3) into a matrix 
formed by a lithium salt solution contained in a poly- 
(acrylonitrile) (PAN) network was reported by Ap- 
petecchi et al.^"^^ These new types of composite gel 
electrolytes had high ionic conductivity, wide elec- 
trochemical stability, and particularly, high chemical 
integrity even at temperatures above ambient. Kim 
et aV^^ used a blend of PVdF-HFP and PAN as a 
matrix polymer to attain high ionic conductivity and 
good mechanical strength. The PAN can give me- 
chanical integrity and structural rigidity to a porous 
membrane without inorganic fillers. The high ionic 
conductivity was due to the high volume of pores and 
a high affinity of the membrane for electrolyte 
solution.^^® 

6.3. Lithium-Ion Gel Polymer 

The solid polymer electrolyte approach provides 
enhanced safety, but the poor ambient temperature 
^ conductivity excludes their use for battery applica- 
tions, which require good ambient temperature per- 
formance. In contrast, the liquid lithium-ion tech- 
nology provides better performance over a wider 
temperature range, but electrolyte leakage remains 
a constant risk. Midway between the solid polymer 
electrolyte and the liquid electrolyte is the "hybrid 
polymer" electrolyte concept leading to the so-called 
gel polymer lithium-ion batteries. Gel electrolyte is 
a two-component system, viz., a polymer matrix 
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swollen with a liquid electrolyte. The gel polymer 
electrolyte approach to the lithium-ion technology 
combines the positive attributes of both the liquid 
(high ionic conductivity) and solid polymer electro- 
lytes (elimination of leakage problems). 

Gel polymer lithium-ion batteries replace the con- 
ventional liquid electrolytes with an advanced poly- 
mer electrolyte membrane. These cells can be packed 
in lightweight plastic packages as they do not have 
any free electrolytes and they can be fabricated in 
any desired shape and size. They are now increas- 
ingly becoming an alternative to liquid-electrolyte 
lithium-ion batteries, and several battery manufac- 
turers, such as Sanyo, Sony, and Panasonic have 
started commercial production. ^^^•^'^^ Song et al.*"*^ 
have recently reviewed the present state of gel-type 
polymer electrolyte technology for lithium-ion bat- 
teries. They focused on four plasticized systems, 
which have received particular attention from a 
practical viewpoint, i.e., poly (ethylene oxide) (PEO). 
poly(acrylonitrile) (PAN),^^*^ poly (methyl methacry- 
late) (PMMA),*^''*^2 and poly(vinylidene fluoride) 
(PVdF) based electrolytes. ^"-157 

One particular version of the lithium-ion gel poly- 
mer cells, also known as plastic lithium-ion cell 
(PLION), was developed by Bellcore (now Telcordia 
Technologies). ^^^"^^^ In this case, Gozdz et al. devel- 
oped a microporous plasticized PVdF— HFP based 
polymer electrolyte which served both as separator 
and electrolyte. In PLION cells, the anode and 
cathode are laminated onto either side of the gellable 
membrane. Good adhesion between the electrodes 
and the membranes is possible because all three 
sheets contain significant amounts of a PVdF copoly- 
mer that can be melted and bonded during the 
lamination step. 

The PVdF-HFP separators used in PLION cells 
were around 3 mil thick, and had poor mechanical 
properties. It has been reported that the major source 
of rate limitation in PLION cells was the separator 
thickness.*®* The rate capability of these cells can be 
significantly improved by decreasing the separator 
thickness to that typically used in liquid electrolyte 
system. Moreover, in the absence of shutdown func- 
tion, the separator does not contribute to cell safety 
in any way. Park et al. reported that the HFP content 
in separators did not have any significant impact on 
cell performance.*®^ The Bellcore process has proven 
to be an elegant laboratory process but is difficult to 
implement in large-scale production. 

To overcome the poor mechanical properties of 
polymer and gel polymer type electrolytes, mi- 
croporous membranes impregnated with gel polymer 
electrolytes, such as PVdF, PVdF-HFP, and other 
gelling agents, have been developed as an electrolyte 
material for lithium batteries. ^®^"^^^ Gel coated and/ 
or gel-filled separators have some characteristics that 
may be harder to achieve in the separator-free gel 
electrolytes. For example, they can offer much better 
protection against internal shorts when compared to 
gel electrolytes and can therefore help in reducing 
the overall thickness of the electrolyte layer. In 
addition the ability of some separators to shutdown 
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Figure 13. Internal impedance (at 1 kHz) of PVdF coated Ceigard trilayer separators as a function of temperature. Heating 
rate: 60 "C/min. 



at a particular temperature allows safe deactivation 
of the cell under overcharge conditions. 

The shutdown behavior of PVdF coated Ceigard 
trilayer membranes is shown in Figure 13. The 
shutdown is defined by the sharp increase in resis- 
tance around 130 °C. The PVdF coating should be 
porous and should not block the pores to maintain 
similar ionic conductivity. The scanning electron 
micrographs of the PVdF coated membrane is shown 
in Figure 14. The cross section SEM of Ceigard 3300 
provides visual evidence that the coating is porous 
and is not blocking the pores of the top PP layer. 

Abraham et al.^^"* were the first ones to propose 
saturating commercially available microporous poly- 
olefin separators (e.g., Ceigard) with a solution of 
lithium salt in a photopolymerizable monomer and 
a nonvolatile electrolyte solvent. The resulting bat- 
teries exhibited a low discharge rate capability due 
to the significant occlusion of the pores with the 
polymer binder and the low ionic conductivity of this 
plasticized electrolyte system. Dasgupta and Ja- 
cobs^ patented several variants of the process for 
the fabrication of bonded-electrode lithium-ion bat- 
teries, in which a microporous separator and elec- 
trode were coated with a liquid electrolyte solution, 
such as ethylene— propylenediene (EPDM) copolymer, 
and then bonded under elevated temperature and 
pressure conditions. This method required that the 
whole cell assembling process be carried out under 
scrupulously anhydrous conditions, which made it 
very difficult and expensive. 

More recent methods proposed by Motorola^^^-^^^ 
and Mitsubishi Electric^^^ researchers differ in imple- 
mentation details, but they share a common feature 
in that a separate adhesive layer (PVdF) is applied 
to the separator and used to bond the electrode and 
the separator films, using in the first case the hot, 
liquid electrolyte as an in situ PVdF plasticizer. 
Recently, Sony^^^ *^° researchers described the use of 
a thin, liquid electrolyte-plasticized polyacrylonitrile 



layer directly applied either to the electrode or the 
separator surfaces as an effective ion-conductive 
adhesive. Sariyo*^^-^^^ investigators, on the other 
hand, used thermally polyerizable additives to gel, 
or solidify, liquid electrolyte solutions in a wound, 
packaged battery. 

The ceramic fillers (e.g. AI2O3, Si02, TiOz) can 
greatly influence the characteristics and properties 
of polymer electrolyte by enhancing the mechanical 
stability and the conductivity. ^^^^ ^^3- ise y-LiAlOa, 
AI2O3, and MgO were used as fillers by Prosini et 
al.^^^ in a PVdF— HFP polymer matrix to form self- 
standing, intrinsically porous separators for lithium- 
ion batteries. The MgO based separators showed the 
best anode and cathode compatibilities. 

Liu et al.^^^ has successfully prepared a PVdF— 
HFP/PE composite gel electrolj^e by cast method. 
They showed that when the PE content was over 23 
wt %, the electrical impedance of the composite gel 
electrolyte increased rapidly by several orders of 
magnitude, around the melting point of PE. The SEM 
pictures showed that the PE particles were fused and 
formed into a continuous film at or near the PE 
melting point, which cuts off the ion diffusion. This 
shutdown feature of the composite gel electrolyte can 
help in preventing the cell runaway under abusive 
usage. Similarly, poly(ethylene oxide) (PEO) coated 
separators were prepared by Kim et al.^*^ by coating 
PEO onto a microporous PE separators. The ionic 
conductivity of PEO coated membranes was higher 
then the base film. Kim et al, prepared the polymer 
electrolytes by coating poly(ethylene oxide) (PEO) and 
poly(ethylene glycol dimethacrylate) (PEGDMA) onto 
a microporous polyethylene membrane (Asahi Kasei, 
25 um, 40% porosity). They showed that the 
relative weight ratio of PEO and PEGDMA coated 
on to the microporous membrane played a critical role 
in determining the uptake of electrolyte solution and 
ionic conductivity. 
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Figure 14. Scanning electron micrographs of Celgard PVdF coated separators used in lithium gel polymer batteries: (a) 
surface SEM, (b) cross-section SEM of coated trilayer, and (c) cross section of PVdF coating. 



6.4. Lithium Primary Systems 

Lithium primary batteries, with their outstanding 
performance and characteristics, are being used in 
increasing quantities in a variety of applications, 
including cameras, memory backup circuits, security 
devices, calculators, watches, etc. They were first 
used in early 1970s in selected military applications, 
but since then they have been designed using a 
number of different chemistries, in a variety of sizes 
and configurations, and have been used in different 
consumer applications. They are attractive because 
of their high voltage, high specific energy, good power 
density, flat discharge characteristic, good low tem- 
perature performance, and superior shelf life. 

The term "lithium battery", applies to many dif- 
ferent types of chemistries, each using lithium as the 
anode but differing in cathode material, electrolyte, 
and chemistry as well as in design and other physical 
and mechanical features. Lithium primary batteries 
can be classified into several categories, based on the 
type of electrolyte (or solvent) and cathode material 
used— soluble cathode cells (e.g., SO2, SOCI2, SO2CI2), 
solid cathode cells (e.g., V2O5, Mn02, (CF)^, FeS;,, 
CuO), and solid electrolyte cells (I2 (P2VP)). The Li- 
I2 system is unique as the cell reaction product, Lil, 
forms the separator in situ. In the large cylindrical 



size batteries, three chemistries are currently avail- 
able for consumer applications: Li--Mn02, Li—CF;^, 
and Li-FeS2. Li-MnOa and Li-CF;, cells are 3 V 
cells that come in special sizes and are typically used 
in cameras, safety devices, industrial applications, 
etc. Li— FeSz is a 1.5 V battery that is a drop-in 
replacement for primary alkaline and C/Zn batteries. 

As the separator requirements for most of the 
above batteries are very similar, they will not be dealt 
with in detail. In this section, we will generally 
describe the separator requirements followed by a 
brief discussion on few selected systems. 

6.4.1. Separator Requirements 

The requirements for the separator properties are 
generally lower in lithium primary cells compared to 
lithium secondary cells. The lack of a charging 
process helps avoid undesirable electrochemical de- 
posits (e.g., dendrites) as well as the generation of 
oxidizing substances. The mechanical strength re- 
quirements are less severe because the negative 
electrode is made of lithium foil, which is relatively 
smooth. Further, the shutdown behavior of separator 
is not mandatory because the thermal runaway 
occurs only when the cell temperatures goes beyond 
180 **C (melting point of lithium). The basic require- 
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Table 8. Separators and Their Manufacturers for Major Primary Lithium Battery Systems 



battery system 



type of separator 



compositions (manufacturer) 



Li/SOz 

Li/SOCh 

Li/MnOz 

Li/(CF)„ 

Li/CuO 

LiA^eOia 

Li/FeSz 
Li/CuClz 

solid electrolyte (Li 



-h (P2VP)) 



microporous 

microporous 

microporous 

microporous 

microporous 

microporous 

solid-ion conductor 

microporous 

microporous 

microporous 

solid ion conductor 



glass fiber;^ polypropylene;^ Tefzel 

glass fiber; glass mat or filter paper 

polypropylene*' (Celgard); polyethylene (Asahi Kasei) 

polypropylene* 

nonwoven glass 

polypropylene (Celgard 2400) 

poly (ethylene oxide) -lithium salt* 

polypropylene'' 

polypropylene' 

Tefzel 

Lil film (self-healingV 



^ Walk. C. R. In Lithium Batteries', Gabano, J. P.. Ed.; Academic Press: New York, 1983, p 281. Linden, D.; McDonald. B. J. 
Power Sources 1980, 5, 35. Klinedinst, K. A. J. Electrochem. Soc. 1984. 131, 492. ^ Moses, P. R.; Turchan, M. J.; Taylor, A. H.; 
Mank, R. M. In Lithium Batteries; Gabano, J. P., Ed.; Academic Press: New York, 1983, p 333. ^Morita. A.; lijima. T.; Fujii, T.; 
Ogawa, H. J. Power Sources 1980, 5, 111. ^Abraham. K. M.; Goldman, J. L.; Holleck, G. L. Lithium Batteries, Venkatasetty, H. 
v., Ed.; The Electrochemical Society, Inc.: Pennington, NJ, 1981; p 271. ^ Armand, M. B. Second International Meeting on Lithium 
Batteries, Extended Abstracts No. 2, Paris, France. Solid State Ionics 1983, 9/10, 745. ^ Walk, C. R. In Lithium Batteries, Gabano, 
J. P.. Ed.; Academic Press: New York, 1983. p 265. 'Uetani, Y.; Yokoyama, K,;Okamoto, O.J. Power Sources 5, 89.^ Liang. 
C. C; Holmes, C. F. 5. Power Sources 1980, 5. 3. 



ments are very generic— low electrical resistance, 
thin, high strength, low shrinkage, relatively small 
pore size, and no defects. As is true for separators 
for use in lithium-ion batteries, all the properties of 
separators for primary lithium batteries should be 
very uniform. 

The most common separator by far used in these 
cells is the single layer PP separator made by Celgard 
(Celgard 2400) as shown in Table 8. 

6.4.2. Chemistries 

The separators used in major lithium primary 

systems are listed in Table 8. The majority of the 
lithium primary systems shown in Table 8 use 
microporous membranes (single layer PP or PE) 
as separators. Some of the systems are discussed 
below. 

6.4.2.1. Lithium MnOz. The Li/MnOz battery is 
the most widely used primary lithium battery. It is 
used in a wide variety of applications such as long- 
term memory backup, safety and security devices, 
cameras, many consumer devices, and military elec- 
tronics. It uses a lithium anode, microporous polypro- 
pylene separator impregnated with electrolyte, and 
Mn02 cathode. It is available in many configurations 
(including coin, bobbin, spirally wound cylindrical, 
and prismatic configurations in multicell batteries) 
and in designs for low, moderate, and moderately 
high drain application. 

The Li/MnOz coin cells use a lithium anode disk, 
which is separated from the manganese dioxide pellet 
cathode by a nonwoven polypropylene separator, 
impregnated with the electrolyte. The bobbin-type 
design contains a central lithium anode core sur- 
rounded by the manganese oxide cathode, separated 
by a polypropylene separator impregnated with the 
electrolyte. The bobbin design maximizes the energy 
density due to the use of thick electrodes and the 
maximum amount of active materials. In the spirally 
wound cells, the lithium anode and the cathode are 
wound together with a microporous polypropylene 
separator to form the jelly roll. These cells are 



designed for high-current pulse applications as well 
as continuous high-rate operation. 

The lithium MnOz system has been preferred over 
4ithium CFj^ for the primary lithium cell market for 
its lower cost and essentially equivalent performance 
for camera (cylindrical cells), watch (coin cells), and 
memory applications. Dan et al. published results for 
an AA size rechargeable size cell based on Li/MnOz 
chemistry with energy density of 125—140 W h/kg 
and 280—315 W h/L. The cell used a polypropylene 
separator and was able to pass all safety tests (short 
circuit, overcharge, deep discharge, crush, and nail 
penetration).*®' Ikeda*®^ g^^^ co-workers reported the 
development of "long life and high reliability Li/MnOz 
cell for back up" and demonstrated how the mi- 
croporous structure of Celgard flat sheet membranes 
reduced self-discharge to provide reliable operation 
for up to 10 years. 

6.4.2.2. Lithium CF;^. The Li/CF;, battery consists 
of a lithium anode, poly carbon monofluoride cathode, 
and microporous polypropylene separator saturated 
with organic electrolyte. These batteries are used as 
power sources for watches, portable calculators, 
memory applications, and so on. 

6.4.2.3. Lithium Iron Sulfide. Energizer has 
marketed Li-FeS2 (L91) AA-size cells since 1990.^^3 
These cells usually have a high surface area jellyroll 
construction, using pyrite (FeSe) coated onto alumi- 
num foil as the cathode, a polyolefin (polypropylene) 
microporous separator, and a lithium foil anode. This 
system is particularly well suited for high drain and 
constant power applications, where its higher operat- 
ing voltage extends service time. 

6.4.2.4. Lithium SO2. The lithium SO2 systems are 
mainly used in military and some industrial and 
space applications. This system is particularly known 
for its capability to handle high current and high 
power requirements, for its excellent low-tempera- 
ture performance, and for its long shelf life. They are 
typically fabricated in cylindrical structure by spi- 
rally winding rectangular strips* of lithium foil, a 
microporous polypropylene separator, the cathode 
electrode, and a second separator layer. 
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6.4.2.5. Lithium SOClg. The lithium SOCI2 bat- 
tery has one of the highest cell voltages (--3.6 V) and 
energy densities of the practical battery systems. 
These batteries have been fabricated in a variety of 
sizes and designs, ranging from wafer or coin cells 
with capacities as low as 400 mA h to cylindrical cells 
in bobbin and spirally wound electrode structures 
and to large 10 000 A h prismatic cells. Li/S0Cl2 
bobbin batteries are manufactured in a cylindrical 
configuration. The anode is made of lithium foil, 
which is swaged against the inner wall of the can, 
the separator is made of non woven glass fibers, and 
the cathode is made of Teflon-bonded acetylene black. 

6.4.2.6. Lithium TiSz. In 1990, W. R Grace & Co 
developed rechargeable Li— TiSa cells with high en- 
ergy density, and excellent cycle life. To improve the 
safety, they developed a fusible separator (SafeTsep) 
for use in both primary and secondary lithium 
batteries. "2 The separator consists of two or more 
microporous layers with at least one of the layers 
capable of transforming to a nonporous membrane 
at a temperature between 100 and 150 **C. The 
additional layers maintain the dimensional stability 
of the separator during this transformation.^^^ 

6.4.2.7. Lithium Bromine. Ultrafine porous poly- 
mer membranes were prepared by Weininger et al.^^"* 
by adding sodium benzoate or other salts of benzoic 
acid to the melted polymer in a weight ratio of TO- 
SS parts of benzoate to 30-15 parts of polymer. The 
salt does not dissolve in the polymer but forms a 
dispersion or colloidal suspension. Processing the 
polymer involved milling on differential rolls with the 
benzoate salt at 140-160 °C for PE or 170-180 °C 
for PP. The mixtures are then cooled close to the 
softening point of the polymer and sheeted into 
0.0005 in thick films. The final leaching of the sheets 
is done in water at 20—55 "C. The salt was generally 
extracted over a period of 1—16 h. However, leaching 
is almost complete within 5—10 min. The polymers 
are also irradiated with high-energy electrons of 20 
Mrad at a dose rate of 10 Mrad/min before or after 
extraction of the salt. This irradiation step is em- 
ployed to improve the thermal and mechanical prop- 
erties of the porous polymer. Irradiation after leach- 
ing is more effective in strengthening mechanical and 
thermal properties, but by this treatment, the small- 
est pores are closed by cross-linking. These mem- 
branes are flexible, about 50% porous, have ex- 
tremely fine pore sizes (40—120 A), and are used as 
separators in rechargeable lithium bromine batteries. 
The lithium bromine system is not a commercial 
system. A lot of developmental work has gone into 
developing the system, but it still is not commercial- 
ized. 

6.4.2.8. Lithium Iron Sulfide (High Tempera- 
ture). High-temperature molten salt Li— Al/LiCl— 
KCl/FeSjf cells are known for their high energy 
density and superior safety. At one point they were 
being actively pursued for electric vehicle and pulse- 
power applications. Historically, boron nitride (BN) 
cloth or felt has been used as the separator in flooded- 
electrolyte cells, while MgO pressed-powder plaques 
have been used in starved-electrolyte cells. 
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Martino et al. have demonstrated the use of BN 
felt separators in engineering tests.^®^ They have high 
porosity {'^90%), and hence, low ionic resistance, in 
addition to excellent compatibility with other cell 
materials at the operating temperature of 470 "C. 
However, this separator is too expensive and has poor 
mechanical properties and so cannot prevent elec- 
trode shape change during cell operation. 

MgO, Y2O3, and AIN powder-based separators are 
substantially less expensive. ^^^-^^^ Cell assembly with 
such powder separators is simple and amenable to 
mass production. Although powder separators were 
shown to maintain their integrity and conform to 
small dimensional changes of electrodes, their poros- 
ity ('^50%) is considerably lower than that of BN felt 
and this drawback can limit their application to 
stationary load-leveling systems operating at low 
current densities. 

Shimizu et al. has developed a low-cost MgO porous 
particle separator, which possessed both the high 
porosity (^^85%) of the BN felt and the high mechan- 
ical resistance of powder separators. The separator 
was prepared by loosely sintering fine MgO powder 
with Mg(N03)2 as the binder. The particles thus 
formed showed excellent performance as separators 
in Li— Al/FeS;f cells. 

The state of development of the BN-felt separator 
is more advanced than that of the MgO powder 
separator. However, the ceramic powder separator 
has the potential for lower cost than the felt separa- 
tor. 

7. Separator for Aqueous Batteries 

The aqueous batteries use water based electrolytes 
(e.g., KOH electrolyte for NiCd and NiMH and H2- 
SO4 electrolyte for lead acid), which are less resistive 
then nonaqueous electrolytes. Polyolefin materials 
are generally suitable for use in the manufacture of 
separators for these batteries, but they are not 
inherently wettable by aqueous electrolytes. Such 
electrolytes are therefore unable to penetrate the 
pores of a separator formed from such a material, so 
that ion migration through the pores in solution will 
not occur without modification. This problem is 
sometimes overcome by treating the polyolefin mate- 
rial with a surfactant, which allows an aqueous 
electroljrte to wet the material. However, such sur- 
factant can be removed from the surfaces of the 
polyolefin material when electrolyte is lost from the 
device, for example during charging and discharging 
cycles, and it is not subsequently replaced on the 
material when the electrolyte is replenished. 

This problem has also been more durably ad- 
dressed by modifying the surface properties of the 
polyolefin materials used to form polymeric sheets, 
by graft-copolymerizing to those surfaces a mono- 
meric substance which, after copolymerization, con- 
fers hydrophilic properties and, in some cases, ion 
exchange properties. This technique has been found 
to be practical when the porous substrate is formed 
from PE, which has been found to lend itself well to 
a graft-copolymerization reaction of this kind. How- 
ever, it has been found that when such a reaction is 
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attempted using polyolefin materials other than PE, 
the rate of the grafting reaction is reduced signifi- 
cantly. 

Graft polymerization is a convenient method for the 
modification of the physical and chemical properties 
of polymer materials and is of particular interest for 
synthesis of the hydrophilic membranes. Graft copo- 
lymerization can be achieved by various methods 
such as an exposure to ionizing radiation or ultra- 
violet light and the use of chemical initiators. Ionizing 
radiation is one of the most promising methods 
because of its rapid and uniform formation of active 
sites for initiating grafting throughout the matrix. 
Under appropriate experimental conditions, modifi- 
cations of polymer properties can be accomplished not 
only on the surface but also throughout the polymer. 

There have been several reports on radiation 
grafting of acrylic and methacrylic acid onto various 
substrates. These include both the direct grafting 
method and the preirradiation method to synthesize 
ion-exchange membranes. Two cation exchange mem- 
branes modified with the carboxylic acid group for a 
battery separator were prepared by radiation-induced 
grafting of acrylic acid (AA) and methacrylic acid 
(MA) onto a polyethylene film by Choi et al.^**° They 
found that KOH diffusion flux of AA-grafted PE 
membrane and MA-grafted PE membrane increased 
with an increase in the degree of grafting. AA-grafted 
PE membrane had a higher diffusion flux then MA- 
grafted PE membrane. Electrical resistance of both 
membranes decreased rapidly with an increase in the 
degree of grafting up to 120% and then leveled off. 

Battery separators having carboxylic acid group 
were prepared by radiation induced grafting of acrylic 
acid onto a polyolefin nonwoven fabric (PNF). The 
PNF comprised approximately 60% polyethylene and 
40% polypropylene. It was found that the wetting 
speed, electrolyte retention, thickness, and ion- 
exchange capacity increased, whereas the electrical 
resistance decreased with increasing grafting yield.^^^ 
The surface characteristics of the separators can also 
be modified by plasma discharge. 

This subsequent section discusses different types 
of aqueous batteries and the separators used in those 
batteries. The recent work in the development of new 
separators for aqueous batteries will also be dis- 
cussed in detail. ^ 

7.1. Leclanche (Zinc Carbon) 

Dry cells have been well-known for over 100 years 
and form the technical basis of today's modern dry 
cell industry. Zinc carbon cells are the most widely 
used of all the primary batteries worldwide because 
of their low cost, availability, and acceptability in 
various situations. The two major separator types 
ever used or in use are gelled paste and paper coated 
with cereal or other gelling agents such as methyl- 
cellulose.^*'^ The paste type is dispensed into the zinc 
can, and the preformed bobbin is inserted, pushing 
the paste up the can walls between the zinc and the 
bobbin. A typical paste electrolyte uses zinc chloride, 
ammonium chloride, water, and starch or flour as the 
gelling agents. The coated-paper type uses a special 
paper coated with flour, starch, regenerated cellulose, 



Arora and Zhang 

or other gelling agent on one or both sides.^^^ The 
paper selected must be of low metallic impurity. A 
kraft paper separator provides thinner separator 
spacing, lower internal resistance, and increased 
active materials volume.^^^ One of the critical func- 
tions of the separator is to keep the zinc can surface 
properly wetted. 

As the paste separator is relatively thick compared 
with the paper liner, about 10% or more manganese 
dioxide can be accommodated in a paper-lined cell, 
resulting in a proportional increase in capacity.^^^ 
The pasted separator carbon— zinc cells were phased 
out more then a decade ago. All the cells made since 
then are paper-lined constructions. 

The performance and capacity advantages of alka- 
line batteries vs carbon-zinc is resulting in the 
continuous decline of this battery. The low cost of the 
carbon zinc cell is a major reason for its continued 
use. Thus, cost is a major consideration in the 
development and selection of separators for this 
system. 

7.2. Alkaline Zinc Mn02 

Since its introduction in the early 1960s, the 
alkaline manganese dioxide (Zn/MnOz) cell has ad- 
vanced to a dominant position in the portable battery 
market. It gets its name from the use of alkaline 
solutions as electrolyte. Alkaline cells have many 
acknowledged advantages over zinc— carbon, includ- 
ing a higher energy density, longer shelf life, superior 
leakage resistance, better performance in both con- 
tinuous and intermittent duty cycles, and lower 
interned resistance, which allows them to operate at 
high discharge rates over a wider temperature range. 

In general, alkaline MnOz cells use "macroporous" 
nonwoven separators made from fibrous materials 
and binders. Various blends of fibers including cel- 
lulose, synthetic fiber, such as PVA fiber, nylon 
rayon, etc. are used in producing this type of sepeira- 
tor. Other types such as gelled, inorganic, and radia- 
tion-grafted separators have been tried, but they 
have not gained much practical use. Some of the more 
advanced nonwoven separators are made by coating 
fibers made of an acrylonitride polymer with a 
surface layer of an acrylic acid which has carboxyl 
groups, that are then mixed with polypropylene fiber 
and bound by a PVA fiber. The carboxyl group is 
partially cross-linked, resulting in swelling, but 
remains insoluble in the electrolyte. This demon- 
strates the complexity of today's separators in con- 
trast to earlier separator materials, which were 
primarily cellulosic. 

Techniques commonly used to produce fibrous webs 
include the wet laid, dry laid carded, and meltblown 
processes. The wet laid or paper making process is 
the predominant method for several reasons. The wet 
laid process, configured properly, allows for the 
blending of cellulosic and polymeric components. 
Also, the ability to use short cut length and fine 
denier fiber provides for consistent blending, uniform 
formation, and controlled pore structure. 

Because of the removal of mercury from the alka- 
line MnOz cell, there has been a re-formulation in 
the anode paste. Because of this change, theses cells 
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now use a nonwoven laminated to cellophane as the 
separator to ensure against shorting due to zinc 
solubility and migration. This can lead to higher 
separator resistance. The key to success of such a 
lamination is to use an adhesive (e.g., PVA) that will 
not interfere with the ionic movement of the elec- 
trode. Some manufacturers of the mercury free cells 
use nonwoven mat of much smaller pore size made 
possible by the availability of 0.1—0.3 denier man- 
made fiber. The smaller diameter fiber allows for 
more uniform web formation at low ream weight and 
thickness resulting in improved high rate perfor- 
mance. Often a compromise must be struck between 
wicking rate and average pore size. 

The rechargeable Zn-MnOz battery is an out- 
growth of the primary battery. In these type of 
batteries, a "microporous" type separator is required 
to resist dendritic growth more likely to evolve as a 
result of numerous recharges. Materials like cel- 
lophane, grafted membrane, or polymeric films can 
be used as laminates to absorptive substrates. An- 
other approach providing a similar effect is to coat a 
fibrous base with a layer of viskose. Both cellophane 
and viskose materials have remarkable properties in 
that they are electropermeable when wetted with 
KOH. To produce the functional laminate, the base 
nonwoven is designed for wicking and absorbency 
while the cellophane or membrane provides the 
short resistance. The adhesive used in laminating the 
separator must not adversely affect electrical resis- 
tance and should not interfere with the electrochemi- 
cal behavior of the cell. On the basis of sales, the 
alkaline Zn-MnOa market is about 3-4 times larger 
than the lithium-ion battery market.^ As this par- 
ticular article is mainly focused on separators used 
in lithium-based batteries, we will not be discussing 
Zn-Mn02 separators in more detail. 

7.3. Lead-Acid Batteries 

It has been a long time since the invention of the 
lead-acid battery, but it still represents the most 
important secondary chemical power source— both in 
number of types and diversity of application. The 
lead-acid battery has maintained its leading role for 
so many decades due to its competitive electrical 
characteristics and price and due to its adaptability 
to new applications. It is manufactured in a variety 
of sizes and designs, ranging from less than 1 to over 
10 000 A h.206 

Lead-acid batteries can be classified into three 
major types or categories, namely, automotive (SLI), 
stationary, and motive power (industrial). In addi- 
tion, there are many special batteries that cannot be 
easily categorized as either of the above types. As 
these types of batteries are constructed with different 
materials and design to meet the requirements of 
their intended end uses, each requires a particular 
separator with specific material composition, me- 
chanical design, and physical, chemical, and electro- 
chemical properties that are tailored for the battery 
and its relevant specific uses. These batteries are 
generally available in flooded electrolyte or valve 
regulated (sealed) versions. In this section the types 
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and properties of separators used for lead-acid bat- 
teries are reviewed. The reader is referred to recent 
reviews published by Boehnstedt^^-^^^'^^^ and 
others^^®"^^^ for detailed descriptions of lead-acid 
separators. 

7.3.1 Flooded Electrolyte Lead Acid 

Separators currently used in lead-acid batteries can 
be classified based on their materials of construction 
into four major types: plastic (PE/silica, PVC/silica, 
sintered PVC), paper (phenolic resin impregnated 
cellulose), glass (glass fiber mat), and rubber (hard 
rubber/silica, flexible rubber/silica, coated rubber/ 
silica) separators. Table 9 shows the different types 
of separators used in batteries along with their 
manufacturing process and main features. Glass, 
paper, and sintered PVC separators can be classified 
as macroporous separators having an average pore 
diameter greater than 10 fim while all other separa- 
tors can be classified as microporous separators 
having an average pore diameter smaller than 1 fim. 
All of these separators can be utilized as leaf separa- 
tors in battery construction. Polyethylene can be used 
also for enveloped separators around either the 
positive or the negative plate. The use of "envelope" 
separators is popular in small, sealed cells, SLI, 
motive power, and standby batteries to facilitate 
production and to control lead contamination during 
manufacturing. 

The environment concerns surrounding the lead- 
acid battery (e.g., the automotive battery) have been 
increasing in severity in recent years. The improve- 
ments and development of the separators have 
proceeded in accordance with the changes in the 
specifications for the batteries which were first made 
with wooden separators (the preferred wood was 
Oregon cedar as it contained small amounts of lignin 
that enhanced the performance of lead negative), 
then progressed through microporous rubber separa- 
tors, cellulose separators, and synthetic pulp separa- 
tors (SPG) with glass mats, to PVC separators, and 
now polyethylene separators have evolved. This 
sequential change in separator technology has pro- 
vided continuous improvements in the charge and 
discharge efficiency of batteries and has given high 
vehicle-starting capability and reliability. Moreover, 
short circuits (caused by particles of active material 
dislodged from the battery plates) are prevented due 
to the smaller pores and excellent electrochemical 
oxidation resistance of the PE separator. These 
features contributed greatly to the improvement in 
battery life. 

Rubber separators have good voltage characteris- 
tics, the ability to retard antimony transfer, proper- 
ties to retard dendrite growth, and good electrochemi- 
cal compatibility. Due to the hydrophilic properties 
of the rubber composition, the separators are highly 
wettable and renewable for the dry-charging process. 
Paik et al. showed that ACE-SIL (sulfur cured, hard 
rubber) separators performed well in industrial sta- 
tionary or traction batteries, FLEX-SIL (electron- 
beam-cured, flexible rubber separator) separators are 
suited for deep-cycling batteries, and MICROPOR- 
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Table 9. Typical Separators Used in Lead-Acid Battery Systems 



separator 



class 



manufacturing process 



properties 



wood 



hard-rubber^*^ 



flexible rubber^*^ 



paper 



rubber 



rubber 



glass-mat rubber^^^ rubber/glass mat 



sintered PVC 
synthetic PVC 



synthetic pulp with 
glass mat 



plastic 



plastic 



plastic/glass 



polyethylene (PE) pleistic 



glass fiber mat 



glass 



cellulosic separators made from 
cotton linters or craft pulp 
and generally coated with phenolic 
resin for acid resistance 
and strength 

made by mixing natural rubber, 
rehydrated precipitated silica, 
and sulfur, which is then extruded 
and calendared, vulcanized under , 
water, and dried 

made by mixing natural rubber, 
rehydrated precipitated silica, 
which is then extruded and 
calendared, irradiated with an 
ionizing electron beam, and dried 

made by mixing a polymeric 

emulsion, precipitated silica, and 
rubber, which is then coated on 
a fiberglass mat and finally cured 
and dried 

made by sintering PVC powder of 
a particle size ranging between 
1 0 and 20 fim 

made from mixture of PVC, silica 
fine powder, and a solvent, and 
then extruded, calandered, and 
extracted 

made from blending PE synthetic 
pulp, synthetic fiber, and fine silica 
powder and then heat treated 

made from a mixture of UHMW PE 
powder, fine silica powder and 
mineral oil. which is extruded as a 
film, calendered, and made porous 
by extraction 

deposition on a single sheet, 
a mixture of fibers dispersed 
in em aqueous solution 



comparatively large pore size and 
relatively high electrical resistance 



finer pore diameter (0.2 fim average), 
relatively lower electrical resistance, 
excellent oxidation resistance, retards 
antimony transfer 

flexible, fine pore structure (0.06 /im 
average), retards eintimony transfer 



finer pore diameter (<0.2 fim average), 
high porosity, excellent thermal 
dimensional stability 



medium pore size (10-20 //m), generally 
good chemical resistance 

small to medium average pore size and 
relatively low electrical resistance 



medium pore size, low electrical 
resistance, and long service life at 
high temp; more difficult to process 
and assemble 

fine pore size, low electrical resistance, 
high puncture resisatance, and strongly 
resistant to oxidation 



excellent wettability, durable in an acid 
environment, good resiliency, high 
temp stability, more difficult to 
process and assemble 



SIL (a coated, glass mat and rubber separator) 
separators have been found to be good choice for high 
rate discharging or cranking applications and for 
various types of gel cells. Recently Daramic DC 
UHMW PE has demonstrated excellent performance 
in these applications, as well. 

Poly(vinyl chloride) (PVC), and polyethylene (PE) 
separators have been the most commonly used sepa- 
rators in automotive batteries for the last 20 years. 
Polyethylene separators have a narrow pore size 
distribution. The PVC separator is built up by sin- 
tering PVC powder in general of a particle size 
ranging between 10 and 20 //m. The decrease of 
particle size in the sintered product is negligible 
compared to the particle size of the raw materials. 
The pores are dispersed homogeneously with a me- 
dium size ranging between 10 and 20 ^am. Since a 
PVC separator exclusively consists of PVC, it exhibits 
advantageously good chemical resistance against acid 
and alkaline solutions. Unlike PE, PVC is disadvan- 
taged due to its brittleness. The decline in PVC 
separators in recent years is in part due to their 
tendency to yield chloride ions from chemical attack. 

The battery separator currently used by most 
flooded cell type lead-acid battery manufacturers are 
of the microporous PE type. It was invented in the 
late 1960s by W. R. Grace & Co.^^^ The term 



"polyethylene separators" is somewhat misleading, 
since such a separator consists mainly of agglomer- 
ates of precipitated silica, being held within a net- 
work of extremely long-chain UHMW PE.^^^ A typical 
PE separator formulation comprises precipitated 
silica (--60 wt %), UHMW PE (-20 wt %), and 
mineral process oil ('^15 wt %), as well as some 
processing aids, like antioxidants and/or proprietary 
surface tension modifiers. 2*®'^*^ 

The microporous PE separator is commercially 
manufactured by passing the ingredients through a 
heated extruder, passing the extrudate generated by 
the extruder through a die and into the nip formed 
by two heated calendar rolls to form a continuous 
web, extracting a substantial amount of the process- 
ing oil from the web by use of a solvent, drying the 
extracted web, slitting the web into lanes of prede- 
termined width, and winding the lanes into rolls. 

The PE separators have excellent microporous 
structure for electrolyte flow with minimal lead 
particle deposits; excellent ductility, strength, and 
toughness for envelopability and plate puncture 
resistance; excellent oxidation, chemical and thermal 
resistance to resist premature deterioration; and good 
manufacturability with high production efficiency 
and relatively low raw material cost, which reduces 
overall manufacturing costs.^^® The PE pocket sepa- 
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Table 10, Comparison of Properties of Different Separators Used in Lead-Acid Batteries 



property rubber cellulose PVC PE glass fiber 



year available 


1930 


1945 


1950 


1970 


1980 


electrical resistance 


very poor 


poor 


poor 


very good 


very good 


porosity 


sufficient 


good 


poor 


good 


very good 


battery performance (cold crank) 


poor 


sufficient 


sufficient 


very good 


very good 


maximum pore size 


good 


poor 


sufficient 


very good 


poor 


mean pore diameter 


good 


poor 


poor 


very good 


poor 


purity 


good 


fair 


good 


good 


good 


resistance to shorting 


good 


poor 


poor 


very good 


poor 


corrosion resistance 


very good 


poor 


good 


very good 


good 


oxidation resistance 


fair 


poor 


good 


very good 


very good 


envelopable (sealability) 


very poor 


very poor 


suHlcient 


very good 


very poor 


flexibility 


brittle 


brittle 


brittle 


excellent 


good 



ration is in almost all aspects significantly superior 
to leaf separation. Only PE separators can be envel- 
oped and can develop good sealability. It has low 
electrical resistance, sufficient porosity, small pore 
size, and great resistance to both shorting and 
corrosion. The PE separator, by virtue of its low 
electrical resistance, generally provides better cold 
cranlcing performance. These separators are very 
flexible and offer excellent oxidation resistance if the 
residual oil content is controlled and/or proprietary 
chemical modifiers have been incorporated. A com- 
parison of the properties of different types of separa- 
tors is given in Table 10. 

PE separators have contributed to improved bat- 
tery specific energy and specific power, increased 
battery cycle life, and higher temperature operating 
capabilities. PE separators have gained in popularity 
and have generally replaced PVC, cellulose, glass 
fiber, and other conventional separators. The transi- 
tion to microporous PE envelope separators started 
in the U.S. in the 1970s, followed by Europe in 1980s. 
Today, PE separators have captured almost 100% of 
the U.S. market and more than 70% of the remaining 
worldwide automotive markets. 

In a flooded cell type lead-acid battery, the battery 
separator typically has "ribs" or protrusions extend- 
ing from at least one planar face of the separator. 
Such ribs are either formed integrally with the 
backweb of the separator or can be subsequently 
applied to the backweb as a bead of same or different 
material as the backweb, or they can be formed by 
embossing the backweb. The ribs function is to 
provide proper spacing between the plates and to 
provide a space wherein free electrolyte resides. The 
ribs also provides pressure to hold the electrodes in 
contact with the separator. This reduces the need for 
precise dimensional control on the cell components, 
Microporous PE separators typically have a config- 
uration comprising a backweb having a predeter- 
mined thickness and a plurality of parallel or pat- 
terned ribs spaced apart by a predetermined distance 
and extending outwardly from one planar surface of 
the backweb. The ribs extend continuously in a 
longitudinal direction parallel to the edges of the 
separator material. The thickness of the backweb and 
height and spacing of the ribs is specified to the 
separator manufacturer by the battery manufacturer; 
based on specifications designed to maximize certain 
battery characteristics desired by the battery manu- 
facturer. SLI batteries tend to have separators that 



are thinner than "industrial" lead-acid batteries used 
for standby power sources and traction devices. 

Endoh^^° has reported that one reason for the 
occasionally shortened life of batteries assembled 
with PE pocket separators is the development of 
internal short circuits at the bottom part of the PE 
separator due to anodic corrosion causing active 
material to shed from the positive plates and leak 
through the separators. He also found that when 
synthetic pulp (SP) separators with glass mats are 
used, it is possible not only to restrain the shedding 
from positive plates but also to protect the separators 
against intensive oxidation so that no internal short 
circuits take place. He concluded that the use of SP 
separators with a glass mat is required to produce 
long service-life batteries, especially in tropical re- 
gions. 

Higashi et al.^^* carried out endurance test under 
high-temperature conditions on automotive batteries 
made with three different types of separators. One 
group was assembled with PE pocket separators for 
the negative plates, another with PE pocket separa- 
tors with glass mats for the positive plates, and a 
third with leaf-type synthetic pulp separators with 
glass mats. They concluded that battery assembly 
with PE pocket separators with a glass mat is an 
effective way to achieve good endurance (i.e. life 
extension at high temperature), and leaf-type syn- 
thetic pulp separators with glass mats are the best 
approach for hot climatic conditions. 

7.3.2. l/a/ve Regulated Lead Acid (VRLA) 

An important development in lead-acid battery 
technology is the valve regulated lead-acid battery. 
These batteries operate on the principle of oxygen 
recombination, using a "starved" or immobilized 
electrolyte. The oxygen generated at the positive 
electrode during charge can, in these battery designs, 
diffuse to the negative electrode, where it can react, 
in the presence of sulfuric acid, with freshly formed 
lead. The separator material should provide in- 
numerable gas channels between the plates through 
which oxygen can migrate from the positive to the 
negative electrode. These batteries differ from its 
flooded electrolyte precursor in a number of impor- 
tant ways. They have been manufactured for many 
years with microfiber glass separators, also called 
absorptive glass mat (AGM). They are inherently 
resistant to acid stratification and have the ad- 
ditional important advantage of being essentially 
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Table 11. Separators and Their Manufacturers for Nickel and Zinc Based Battery Systems 



battery system 


type of separator 


manufacturer and composition 


nickel— cadmium 


microporous 


nylon, Pellon 2505, Polypropylene 


nickel -metal hydride 


microporous 


polypropylene (Scimat, Freudenberg) 


nickel-hydrogen 


microporous 


polymer-inorganic compounds, asbestos, zirconium oxide cloth, 




Celgard 3501, polypropylene 


iiirkpl — 7)nr 


^iinnnrtpH liniHH mpinhrainp 


DolvoroDvlene (Celsard 3400 3501) PVA 




microporous, ion-exchange 




silver-zinc 


ion exchange 


Permion (RAT); Silvergard (RAI); cross-linked PVA 




microporous 


pellon, cellophane, Celgard 3400 


zinc-HgO 


microporous 


cellulose, poly (vinyl alcohol), polyolefins, poly (vinyl chloride) 


zinc— air 


ion-exchange 


PVA cross-linked with dimethylolurea 




microporous 


asbestos, nonwoven/polypropylene laminate 


zinc/bromine 


microporous 


polyolefins (Daramic) 




ion-exchange 


nafion puPont) 



maintenance free. The separator is a crucial compo- 
nent in determining the useful life of a VRLA cell. 
While a prime function of the VRLA cell separator 
is to hold the cell's electrolyte in place, it must also 
offer characteristics that prevent major failure mech- 
anisms occurring in the cell's positive and negative 
plates. 

The microglass separator, since its discovery by 
McClelland and Devitt, has been the material of 
choice for VRLA designs. ^^^'^^"^ It is a wet laid 
nonwoven (glass fiber) "paper" and is manufactured 
on a paper machine. The type of paper machine used 
by the manufacturer can influence the separator 
properties. Three properties— porosity, uniformity, 
and fiber directionality— are important attributes 
that can be influenced by the type of fiber used. The 
glass fiber, which has a zero contact angle with the 
acid, is durable in the acid environment, and the fine 
fiber structure also has good resiliency to allow for a 
sustained pressure against the plate. The microglass 
separator has a high porosity in the 90-95% range 
and is very conformable. The separator can adapt to 
imperfections in the plate surface. The separator also 
has high-temperature stability. Recent studies have 
shown that higher levels of fine fiber and higher 
separator compression provide improved cycle per- 
formance in VRLA batteries. ^^^"^^^ 

On the other hand, AGM separators offer little 
control over the oxygen transport rate or the recom- 
bination process. The arrival of too much oxygen to 
the negative plate could result in overheating, hin- 
drance of the battery's ability to recharge, or even a 
loss of capacity. Furthermore, AGM separators ex- 
hibit low puncture resistance. 

7.4. Nickel Systems 

The nickel-based systems include the flowing sys- 
tems: nickel— iron (Ni/Fe), nickel— cadmium (NiCd), 
nickel— metal hydrides (NiMH), nickel— hydrogen (Ni/ 
H2), and nickel—zinc (Ni/Zn). All nickel systems are 
based on the use of a nickel oxide active material 
(undergoing one valence change from charge to 
discharge or vice versa). The electrodes can be pocket 
type, sintered type, fibrous type, foam type, pasted 
type, or plastic roll-bonded type. All systems use an 
alkaline electrolyte, KOH. 

The separators may be simple absorbent material 
except in Ni/Zn where zinc solubility creates zinc 
electrode shape change and zinc dendrites, resulting 



in shorts. The fundamental cause for zinc electrode 
shape change is nonuniform current distribution 
across the electrode surface. This leads to concentra- 
tion gradients, which in turn give rise to densification 
and dendrite formation. In the other systems, solu- 
bility of the negative materials is minimal, and 
therefore, failure by shorting is nonexistent or de- 
layed for a large number of cycles. The vented Ni/ 
Fe, Ni/Cd, and Ni/Zn cells are mostly constructed in 
a prismatic configuration. Systems built in a sealed 
cylindrical pressurized configuration are NiCd, NiMH, 
and Ni— H2. The pressure configuration in the NiCd 
and NiMH differs from the Ni— H2. In the former, 
pressure is used to hold the electrodes and separator 
in contact. In the latter pressure is the result of 
storage of a gaseous reactant. The type of separators 
and their manufacturers for nickel-based systems are 
listed in Table 1 1 

7.4. t Nickel-Cadmium 

The NiCd secondary battery is the most popular 
alkaline secondary battery, and it is available in 
several cell designs and in a wide range of sizes. It 
is a very reliable, sturdy, long-life battery, which can 
be operated effectively at relatively high discharge 
rates and over a wide temperature range. 

7.4.1.1. Vented NiCd. The vented NiCd battery 
is one of the best-known power sources in the 
commercial and military fields, particularly for air- 
craft and communication applications. It has excel- 
lent high rate and low temperature performance 
capabilities. It also has a long useful life capability 
and is both physically and electrochemically rugged. 

Early separators used in NiCd cells for space 
applications consisted of materials as ordinary as 
Whatman filter paper^ and eventually nonwoven 
nylon felt (Pellon 2505). Pellon 2505 was more stable 
than cellulosic separators, but it too had stability 
limitations. In the late 1960s and early 1970s, 
nonwoven polypropylene saw limited use in NiCd 
cells. The PP separators were quite useful where 
sterilization (heating the cell to 135 °C) was re- 
quired. ^^^-^^^ The major difficulty with nonwoven 
polypropylene was that it was only marginally wet- 
table, and the amount of electrolyte that can be 
placed in the cell was limited. 

In the early 1980s, Pellon Corporation (now 
Freudenberg) discontinued the manufacturing of 
Pellon 2505. This led to the qualification of Pellon 



Battery Separators 



Chemical Reviews, 2004, Vol. 104, No. 10 4451 



2536 in 1984 as the new separator material for the 
major portion of NiCd applications in the U.S.^^^-^^^ 
Hughes Aircraft took a different approach by evalu- 
ating Freudenberg FS21 17 (a nonwoven nylon fabric), 
nonwoven polypropylene impregnated with polyben- 
zimidazole (FBI) and zirconium oxide material (Zir- 
car) impregnated with either FBI or polysulfone 
233 xheir objective was to develop a separator 
that is chemically stable for a minimum of 10 years 
and has a better electrolyte retention and gas perme- 
ability than the state-of-the-art Fellon 2505 separa- 
tor. The main purpose of the polymer impregnation 
of the zirconia material was to improve the mechan- 
ical strength of the fabric, which was too fragile for 
easy handling in the fabrication of the NiCd cells. 
The purpose of the FBI impregnation of the polypro- 
pylene felt was to improve the wettability in the 
electrolyte. They found that Zircar impregnated with 
FBI was the best separator for geosynchronous orbit 
applications while Zircar impregnated with FS was 
best for low earth orbit applications. The FF impreg- 
nated with FBI found to be as good as Fellon 2505 
separator in some cell designs but had longer life 
because of excellent chemical stability and was 
additionally less expensive than zirconia material. 

The separator used in vented NiCd's is a thin, 
multiple ply combination. It consists of a cloth (woven 
or felted nylon) that electrically separates the positive 
and negative plates and an ion-permeable plastic 
membrane (microporous polypropylene, Celgard 3400, 
a wettable variant of Celgard 2400) that serves as 
the gas barrier. This thin gas barrier, which becomes 
relatively soft when wetted, is frequently placed 
between two layers of cloth separators and receives 
significant mechanical support from them. Frevi- 
ously, cellophane has also been used as the gas 
barrier layer. Studies done by Hill^^^ and Feldraan 
and Verville^^^ showed superior performance of NiCd 
batteries with Celgard microporous polypropylene 
separators as compared to cellophane. The authors 
attribute this improvement to the better chemical 
and thermal stability of the polyolefin sheet mem- 
brane. The outer nylon separator degrades with use 
by undergoing hydrolysis in the KOH electrolyte, 
thus seriously degrading the battery life.^^^ It in- 
volves a slow hydrolysis reaction followed by fast 
electrochemical oxidations of the hydrolysis reaction 
products. 

7.4.1.2. Sealed NiCd. In sealed cells, the positive 
and negative electrodes are wound together in a jelly 
roll with a separator material between them. The 
working principle of sealed NiCd batteries is based 
on internal oxygen consumption. As a prerequisite 
the separator has to be permeable to gaseous oxygen, 
which is achieved by separator pores being of a 
specific minimum size and not all of them being filled 
with electrolyte at the same time, so as to leave some 
gas channels. Nonwovens (fleeces) made of polya- 
mide, FE, and FF fibers have proven themselves in 
these cells. With their porosity they can absorb 
sufficient electrolyte, and due to their pore size 
distribution, they can simultaneously bind electrolyte 
and allow oxygen transfer. 



Mechanical strength is an important criterion for 
sealed NiCd cells, because wound cells (spiral type 
construction) are manufactured automatically at very 
high speeds. Melt blown FF fleeces, with their 
excellent tensile properties, are good for these cells.^ 
Frequently two layers of the same or different 
materials are used, to gain increased protection 
against shorts. For higher temperature applications 
(up to about 60 *'C) FF fleeces are preferred since they 
offer better chemical stability, though at lower elec- 
trolyte absorption. ^2 

The nylon-based separators tend to degrade by 
undergoing hydrolysis in the KOH electrolyte. The 
products formed by the hydrolysis reaction are be- 
lieved to cause a charge imbalance between positive 
and negative electrodes in a sealed NiCd cell leading 
to a loss of overcharge protection. The harmful 
products include carbonates, which accumulate in the 
electrolyte. The nylon degradation also gives rise to 
ammonia and hydroxylamine redox couple, which can 
increase the self-discharge rate. The rate of the 
hydrolysis of Nylon-66 separator material was ap- 
proximately one-half of that of the nylon-6 mate- 
rial.^^^ It is well-known that in sealed NiCd cells a 
separator weight loss of 10% is often sufficient to 
cause internal shorting.^^^ 

7.4.2. Nickel-Metal Hydride 

The sealed nickel— metal hydride battery has char- 
acteristics very similar to those of the sealed NiCd 
battery. The main difference is that the NiMH 
battery uses hydrogen, absorbed in a metal alloy, for 
the active negative material in place of the cadmium 
used in the NiCd battery. The NiMH batteries have 
a higher energy density and are considered more 
environmentally friendly than the NiCd battery. The 
sealed NiMH battery, however, does not have the 
very high rate capability of NiCd battery, and is less 
tolerant of overcharge. 

The self-discharge rate of a Ni/MH battery is 
generally much higher than that of NiCd battery, 
especially when conventional nylon separators are 
used.^^^ The presence of oxygen and hydrogen gases 
cause the polyamide materials to decompose, produc- 
ing corrosion products which poison the nickel hy- 
droxide, promoting premature oxygen evolution and 
also forming compounds capable of a redox shuttle 
between the two electrodes which further increases 
the rate of self-discharge.^'*^ In the case of the NiMH 
battery, ammonia and amine participate in the 
shuttle reaction in the same way that the nitrate ion 
does in the NiCd battery. 

Ikoma et al. carried out a detailed investigation to 
study the self-discharge mechanism and contribution 
of separators.^'* ^ They used nonwoven fabric made of 
conventional polyamide (PA), FF (with surfactant), 
and a nonwoven fabric whose main material was 
sulfonated-FF (hydrophilic) as separators. When 
nonwoven fabric made of chemically stable sul- 
fonated-FF is used as a separator instead of a 
conventional polyamide separator, the self-discharge 
rate of the NiMH battery was strongly depressed, to 
the same level as that of NiCd battery.2'*o-24z.243 

Recently Nagarajan et al.^'*^ characterized three 
different commercial AA cells and compared the 
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materials and cell performance. They used a dif- 
ferential scanning calorimeter (DSC) to determine 
the materials used as separators. Toshiba cells 
contained both polyethylene and polypropylene, while 
the Sanyo and Matsushita cells separators were 
identified as nonwoven fabrics fabricated from con- 
ventional polyamide. Since the Sanyo and Matsushita 
cells used the conventional polyamide separator, the 
self-discharge in these cells was substantially higher 
due to the shuttle reaction of the ammonia and 
amine, which expedite self-discharge. They also 
characterized the commercial cells and determined 
that separators contribution to the overall weight of 
the AA cell was around 3%. 

Scimat Ltd. has shown that acrylic acid grafted 
nonwoven polyolefin separators have the ability to 
absorb chemical impurities, for example ammonia, 
from the alkaline environments. It has been shown 
that by using a grafted polyolefin separator, the free 
ammonia present inside a NiMH cell is trapped by 
the separator, resulting in a reduction in self- 
discharge to levels normally associated with NiCd 
cells.245 In October 2002. Scimat Ltd. announced the 
launch of the next generation of separators for NiMH 
and NiCd cells using its second-generation grafting 
technology. ^"^^ 

The commonly used separator material now is the 
surface treated polypropylene. The surface treatment 
helps in making the polypropylene permanently 
wettable. Surface treatments involve the grafting of 
a chemical such as acrylic acid to the base fibers to 
impart wettability and is accomplished using a 
variety of techniques such as UV or cobalt radiation. 
Another method of imparting wettability to the 
polypropylene is a sulfonation treatment where the 
base fiber material is exposed to fuming sulfuric acid. 
The separator surface is designed to be made hydro- 
philic to the electrolyte. 

Cheng et al.^"*^ carried out the impedance study on 
a foam-type NiMH battery with nonwoven PP sepa- 
rator to determine the main causes of early cycle 
deterioration. Their data indicated that the decrease 
in the voltage characteristic of the battery was due 
to drying out of the separator that increases the 
ohmic resistance of the battery and that decay of the 
total discharge capacity is due to an inactive surface 
that increases the charge-transfer of the battery. 

7A.3. Nickef-Hydrogen 

Nickel— hydrogen batteries offer long cycle life that 
exceeds that of other maintenance-free secondary 
battery systems and accordingly makes it suitable for 
many space applications. Three types of separator 
materials have been used for aerospace Ni— H2 cells- 
asbestos (fuel-cell-grade asbestos paper) , Zircar (un- 
treated knit ZYK-15 Zircar cloth) ,2^8 and nylon.^'249 
In year 2000, Japan supplied over 90% of the nickel- 
hydrogen battery separators globally.^^^ 

Fuel-cell-grade asbestos is a nonwoven fabric with 
a thickness of 10—15 mil. The asbestos fibers are 
made into a long roll of nonwoven cloth by a carding 
or paper-making process. Asbestos is a controversial 
material with respect to health considerations in 
addition to potentially being a source of corrosion at 



high temperatures. Although asbestos is still in use, 
there is a trend to replace it with Zircar (zirconium 
oxide cloth). Zircar fibrous ceramic separators are 
available in textile product forms (Zircar Products, 
Inc.). These textiles are composed of zirconium oxide 
fibers stabilized with approximately 10% 3^trium 
oxide.^^^ These materials offer the extreme temper- 
ature and chemical resistance of ceramic zirconia. 
They are constructed of essentially continuous indi- 
vidual filaments fabricated in flexible textile forms. 
Zircar has the drawback of being expensive and 
delicate from an assembly perspective. Aerospace 
cells have shown excellent medium term perfor- 
mances with their nylon separators, but it is known 
that nylon is weak in terms of its stability over time 
and its temperature sensitivity.^"*^ 

Zirfon separator is a new alternative for Ni— H2 
batteries. It is a porous composite separator material 
composed of a polysulfone matrix and ZrOz, which is 
present in a powder form. The manufacturing is 
based on the film-casting technique. It is very stable 
in concentrated KOH solutions at elevated temper- 
atures. These films are around 300 fim thick. 
SORAPEC has tested Zirfon in Ni-Hz cells and has 
indicated that it is one of the best separators. 

7.5. Zinc Systems 

Zinc is a nontoxic, relatively inexpensive, and 
abundant material. It is the most electropositive 
metal which is fully compatible with aqueous elec- 
trolytes. Its low (negative) electrode potential and its 
high hydrogen overpotential make it a very suitable 
negative electrode material for use in aqueous elec- 
trolytes.^^^ 

Although primary cells with zinc electrodes are 
widespread, secondary systems based on the same 
materials still suffer from a short lifetime arising 
from problems caused by zinc mass redistribution, 
undesirable changes in zinc morphology, and the 
influence of zinc ions on the opposite electrodes. 
Because nickel-zinc and manganese dioxide systems 
are otherwise suitable for electric vehicle propulsion, 
an effort to develop a long-lasting secondary storage 
battery is very desirable. One avenue would be to find 
a better separator for such systems. A lot of work has 
been done by different groups in developing new 
separators for zinc-based secondary systems, but 
none of them have been very successful in developing 
long cycle life zinc systems. The type of separators 
and their manufacturers for zinc-based systems are 
listed in Table 11. 

7.5.1. Silver-Zinc 

The first practical silver— zinc battery was devel- 
oped more then 60 years ago. Since then, primary 
and secondary silver-zinc batteries have attracted 
a variety of applications due to their high specific 
energy, proven reliability and safety, and the highest 
power output per unit weight and volume of all 
commercially available batteries. However, they find 
very limited use in commercial applications, because 
of their high price and limited cycle life. Development 
of a battery separator which will improve the per- 
formance and life of zinc based alkaline cells has been 
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and continues to be the focus of concerted efforts in 
many battery groups, both in industry and academia. 

The separator used in silver— zinc cells should be 
permeable to water and hydroxy 1 ions, stable in 
strong alkaline solutions, and not oxidized by the 
solid silver oxide or dissolved silver ions and should 
retard the migration of dissolved ions to the anode,^^^ 
A sophisticated separator system is needed to avoid 
short-circuits resulting from growth of dendrites.^ ^ 
Because of the slight solubility of silver oxides in 
alkaline electrolyte, little work had been done with 
zinc/silver oxide cells until 1941 when Andre^^'* 
suggested the use of a cellophane barrier. Cellophane 
prevents migrating silver ions from reaching the 
anode^^^ by reducing them to insoluble silver metal. 
The cellophane is oxidized and destroyed in the 
process, making it less effective for long-life cells. 
Cycle life is very limited, even with the best separa- 
tors known to date. 

In general, secondary silver— zinc cells require a 
minimum of three different separators. The inner 
separator, or positive interseparator, serves both as 
electrolyte reservoir and as a barrier to minimize 
oxidation of the main separator by the highly oxida- 
tive silver electrode. This separator is usually made 
of a relatively inert fiber such as nylon or polypro- 
pylene. The outer separator, or negative intersepa- 
rator also serves as an electrolyte reservoir and can 
also, ideally, serve to stabilize the zinc electrode and 
retard zinc penetration of the main separator, thus 
minimizing the dendrite growth. Improvement in cell 
life has been reported with improved inorganic nega- 
tive electrode interseparators utilizing such materials 
as asbestos and potassium titanate.^^® Asbestos helps 
in preventing or reducing the magnitude of short 
circuits and also acts as a silver "stopper", but it is 
bulky and reacts with silver oxide. It may also 
contaminate the cell with iron and posts a health risk 
during fabrication. A potassium titanate mat helps 
to reduce zinc shape changes as well as the magni- 
tude of short circuits. It is also bulky and more 
expensive.^ 

The primary ion exchange separator remains the 
key to the life of the secondary silver cell. The 
cellulosics (cellophane, treated cellophane, and fi- 
brous sausage casing) are usually employed in mul- 
tiple layers as the primary separators for these 
cells.^^^ Cellophane has to be specifically treated as 
battery grade, meaning a very low content of glyc- 
erine (or deglycerinated) , since glycerine is an organic 
material that causes fast degradation of the cell 
performance by weakening the texture of the cel- 
lulosic material under the influence of the strong 
oxidants (silver peroxide and silver monoxide) present 
in colloidal form.^^^ Cellophane prevents migrating 
silver ions from reaching the anode by reducing them 
to insoluble silver metal.^^^ The cellophane is oxidized 
and destroyed in the process, making it less effective 
for long-life cells. It also physically inhibits the zinc 
dendrite formation. Cellophane film is typically 
drawn to a thickness of 1 mil, and usually five or six 
layers are used to wrap the cathode (silver plate) in 
the cell.261 
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Figure 15. Viscous process for regenerated cellulose.263 

The tendency for cellulose to degrade in alkaline 
solutions has been addressed by using multiple layers 
of the separator in the battery. Lewis et al.^®^ showed 
that double-ply UCB cellophane films were less 
subject to dendritic hard shorting by zinc and re- 
tained some degree of polymerization "DP** after 
extended cycling. Another way to minimize cellulose 
degradation in alkaline solutions has been to keep 
the KOH concentration high (around 45%). The rate 
of degradation reaction slows down due to the KOH 
tying up the water used in the hydrolysis react ion. 
The silver-treated cellophane gives improved life 
performance, reduction in rates of silver migration, 
and promotes a longer performance life, compared to 
plain cellophane.2®^ However, cellophane still has 
significant disadvantages in terms of poor resistance 
to attack by the alkaline electrolyte and by active 
materials in the electrodes. These limit the wet life 
of cells, even when used in multiple layers. Cel- 
lophane is also ineffective in preventing shape change, 
which curtails cycle life, 

Thomas Danko has described the manufacturing 
process and properties of cellulose in detail. The 
term regenerated cellulose refers to cellulose that has 
been converted from a solubilized cellulose derivative 
back into a pure cellulose derivative. The most 
notable of these processes is the viscous process in 
which cellulose of fairly high DP can be dissolved and 
maintained at viscosities that are easy to handle (up 
to 300000 cps). Figure 15 describes the viscous 
process in detail.^®^ The molecular weight of cellulose 
is described by the degree of polymerization (DP), 
which is the number of glucose units in the molecular 
chain. The final DP is selected based on desired 
properties and a balance of the regeneration process 
conditions. Purity of the cellulose plays an important 
role in the production of regenerated cellulose. The 
impurities (hemicellulose which is a low DP polysac- 
charide) in the cellulose reduces the strength of the 
final film. The properties of the regenerated cellulose 
can vary depending on the source of wood pulp used 
(purity) and the regeneration conditions used to 
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convert the xanthate derivative back in to cellulose. 
By using a high purity wood pulp, a stronger and less 
porous film can be made. 

For battery separators, regenerated cellulose is 
placed on the surface of nonwoven so that the 
nonwoven is available to promote the wicking of the 
electrolyte. The nonwovens should not allow the 
penetration of viscose into itself. Suitable nonwovens 
are made from polypropylene, poly (vinyl alcohol), and 
hardwood hemps. Regenerated cellulose films are 
commonly used in alkaline manganese cells, both 
primary and secondary, in NiCd industrial batteries, 
as well as in silver— zinc batteries. 

A variety of other separators have been proposed 
and developed to replace or complement the cellulo- 
sics, such as poly (vinyl alcohol) (PVA),^^^ radiation- 
grafted polyethylene,2^° microporous polypropylene, 
inorganic separators,^^^ and other synthetic polymer 
membranes. The inorganic separators are stable at 
higher temperatures ('^150 **€), and also resist attack 
by silver oxides and electrolyte, but it leads to higher 
cell resistance and they are more expensive. Modified 
polyethylene films are thinner then standard materi- 
als leading to higher energy density. They also 
provide a greater resistance to attachment by silver 
oxides and electrolyte but are more expensive, more 
difficult to handle and provide lower resistance to 
zinc penetration.' It requires a coating of the ap- 
propriate material (s) to improve the resistance to zinc 
and silver. 

The degradation in mechanical properties of non- 
woven battery separator was studied by Danko^^® by 
storing the separators in 40% KOH for long period 
of time. The test showed that among the nonwovens, 
the polyamide retained about 93% of its initial tensile 
strength whereas poly(vinyl alcohol) and cellulosic 
nonwovens retained only 55% and 35%, respectively. 
Adding the viscose coating to the nonwovens im- 
proved tensile strength retention by 20—25% for the 
poly(vinyl alcohol) and cellulosic materials. The 
viscose-coated polyamide retained more than 98% of 
its initial tensile strength. 

Recently Serenyl used a flexible alkaline separator 
(FAS) in Silver-Zinc cells, which consists of a mi- 
croporous polyolefin film, with inorganic filler.^®^ This 
can be folded around the silver and/or zinc electrodes 
to form conventional "U" wraps or heat sealed bags. 
They showed that the FAS was not attacked by the 
electrolyte and helps in inhibiting the "shape change" 
of zinc electrode. 

Another commonly used alternate separator mate- 
rial is prepared from a radiation graft of methacrylic 
acid onto a polyethylene membrane such as Per- 
mion.2^^ The graft makes the film wettable and 
permeable to the electrolyte. The low resistance 
Permion 2192 barrier membrane is suitable for high- 
rate KOH cells while higher resistance Permion 2193 
is suitable for low rate NaOH cells. Cellophane is still 
often used in conjunction with the grafted separator 
as a sacrificial barrier. The lamination of cellophane 
to either side of the Permion membrane results in a 
synergistic action for stopping silver migration. Lee 
and co-workers^^^ reported that Permion extended 
the service life of Zn/AgO button cells from 2 to up 
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to as much as 4—5 years. RAI Research Corporation 
also developed an improved ion-exchange membrane 
(Silvergard), which has better selectivity toward 
silver-ion diffusivity than other ion-exchange mem- 
branes. 

7.5.2. Nickel-Zinc 

The nickel— zinc (NiZn) system is attractive as a 
secondary cell because of its high energy density and 
low material cost and the low level of potential 
pollutants contained. The widespread use of nickel- 
zinc batteries, particularly as electric vehicle power 
sources, would be strongly enhanced by significantly 
extending the deep-discharge cycle life beyond the 
current level of 100-300 cycles.^^° Considerable work 
has been done in the past to develop a suitable 
separator for nickel— and silver— zinc batteries. ^^^-^^^ 
An excellent discussion of separator development is 
contained in a comprehensive review.^^^ 

These cells generally fail because of zinc dendrite 
shorting or zinc electrode shape changes.^^^ To miti- 
gate the problem of dendrite growth and subsequent 
shorting, battery separators should contain submi- 
crometer-size pores, longer pore paths, increased 
thickness, and multiple layers. As these solutions 
all lead to increased resistance losses in batteries, a 
compromise in the properties of separators is neces- 
sary. The separator can also influence shape change. 
Separators with rapid mass transfer properties will 
reduce the electro-osmosis effects and concentration 
gradients within the battery, thus slowing the rate 
of shape change. A lot of developmental work has 
been done on the nickel— zinc system, but it is still 
not a commercial system. 

The most common material used is cellophane, 
which is a cellulose film, which acts as a membrane 
and is capable of resisting zinc penetration. The cycle 
life of cells utilizing this material is severely limited 
due to the hydrolysis of the cellophane in alkaline 
solution. Various methods have been tried to stabilize 
cellulose materials, such as chemical treatment and 
radiation grafting to other polymers, but none have, 
as of now proved economically feasible. The most 
successful zinc migration barrier material yet devel- 
oped for the nickel-zinc battery is Celgard mi- 
croporous polypropylene film.^ It is inherently hy- 
drophobic so it is typically treated with a wetting 
agent for aqueous applications. 

There are two broad classes of separators employed 
in nickel*-zinc batteries; a main separator, which 
exhibits resistance to dendrite penetration, and an 
interseparator, which principally acts as an electro- 
lyte reservoir and wicking layer. Both main and 
interseparator should be resistant to chemical attack 
by the alkaline electrolyte and resistant to oxidative 
attack by nascent oxygen, permanently wettable by 
the electrolyte, flexible, heat sealable, tear resistant, 
and inexpensive. 

The two basic kinds of nickel— zinc main separators 
are the membranes and the microporous separators. 
Membrane separators are those in which ionic trans- 
port occurs through the interaction of the hydrophilic 
groups attached to the polymer with the ionic groups 
in the electrolyte. Ionic transport through mi- 
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croporous separators, on the other hand, occurs by 
diffusion through discrete pores. Other than wetting, 
there is essentially no interaction of this type of main 
separator with the electrolyte. 

An important advantage of the microporous sepa- 
rator is that it has high water and electrolyte 
permeability leading to less electrode shape change. 
They can be prepared from chemically inert poly- 
mers, and hence have good chemical and oxidation 
resistance. The disadvantages of the microporous 
membranes are risk of dendrites shorting through 
the discrete pores and greater scope for zinc oxide to 
deposit within the separator pores. Membrane sepa- 
rators should provide greater resistance to zinc 
dendrite penetration, much lower rates of active 
material migration away from the negative electrode, 
and probably no deposition of zinc oxide within the 
separator. Their main disadvantages are the higher 
rates of negative electrode shape change resulting 
from poor mass transfer properties and the greater 
vulnerability to chemical attack.^^^ 

Lundquist^^^ compared the performance of mem- 
brane separators with microporous separators and 
found that the rate of zinc electrode shape change is 
greater in batteries with membrane separators al- 
though in either case shape change was the primary 
failure mode. Batteries containing separators with 
the lowest electrolytic resistivity and highest water 
permeability gave the longest cycle life. The results 
favored the use of microporous separators since its 
superior mass transfer characteristics minimize the 
rate of shape change. 

Studies made by several authors, such as Poa,^^^ 
Wagner,^^^ and Brown,^^^ have shown significant 
improvement in the performance of NiZn recharge- 
able batteries, when microporous polyolefin flat sheet 
membranes were used as separators, Poa and co- 
workers examined the diffusion of the OH" electro- 
lyte through candidate separator materials, including 
microporous polypropylene, Celgard 3501 (Celgard 
2500 coated with a proprietary surfactant). The OH" 
diffusional flow for Celgard 3501 was found to be 
greater than either the traditional swollen, nonpo- 
rous cellophane separator used in the battery or a 
nonporous methacrylic acid grafted and cross-linked 
polyethylene.2^^ 

Krejci et al. studied the transport of zincate ions 
through modified microporous PP separators (Cel- 
gard 3401, Celgard 3501) using polarography and 
conductometry.^®^ Celgard 3401 and 3501 were cho- 
sen because they are proven to have slow redistribu- 
tion of zinc material, good mechanical properties, and 
low electrical resistivity. Soluble Nafion as an ion 
exchange modifying agent was applied to the PP 
microporous separators. They studied the influence 
of Nafion and surfactant (coated on 3401 and 3501) 
on transport of zinc ions through the membrane. It 
was found that the zincate ions transport through 
the membrane was higher for higher conductivity 
membranes and vice versa. Higher amounts of sur- 
factant and Nafion coating increase both the mem- 
brane conductivity and the membrane's ability to 
allow zinc ions to pass. 
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Castle Technology Corporation had developed a 
supported liquid membrane battery separator to 
prevent zinc dendrite growth and decrease the shape 
changes on zinc electrode. These membranes use 
a highly specific organic transport reagent contained 
in a microporous membrane support to transport 
hydroxyl ions while rejecting zincate ions. Several 
materials (polyvinyl chloride (PVC), PVC copolymer, 
nylon, non woven PP, and microporous PP) were 
tested, and Celgard 2500 was found to be the best 
material because of its larger pore size and higher 
porosity. 

The nickel zinc system would be a suitable power 
source for many portable devices if the cells were 
tightly sealed and had a prolonged life. In sealed 
nickel— zinc batteries, oxygen, which is formed on the 
positive electrode, has to recombine with metallic zinc 
at the negative electrode. The microporous membrane 
must have some degree of permeability to oxygen. 
Sato et al. developed a separator which consisted of 
nylon nonwoven cloth coated with poly(vinyl alcohol) 
(PVA) containing boric acid. The separator has a high 
ionic conductivity and is resistant to zincate ion 
penetration. 

To address the zinc dendrite problem in nickel- 
zinc cells, eVionyx claims to have developed a pro- 
prietary membrane system that is nonporous, has 
very high ionic conductivity, is of low cost, and can 
block zinc dendrite penetration even in high concen- 
trations of KOH,^^^~^^^ The polymeric membrane has 
an ionic species contained in a solution phase thereof. 
The ionic species behaves like a liquid electrolyte, 
while at the same time the polymer-based solid gel 
membrane provides a smooth impenetrable surface 
that allows the exchange of ions for both discharging 
and charging of the cell. 

7.5.3. Zinc- Air 

For many applications zinc— air technology offers 
the highest available energy density of any primary 
battery system. It also offers a flat discharge voltage, 
long shelf life, safety and ecological benefits, and low 
energy cost. Since these cells are open to the ambient 
atmosphere, a factor limiting universal applications 
of zinc-air technology is the trade off between long 
service life and maximum power capability. 

The separator materials used in zinc-air batteries 
should be inert to oxidation, stable in cells at high 
potentials, chemically inert to KOH at high temper- 
atures, have a fine porous capillary structure to hold 
the electrolyte in the pores (and limit diffusion of 
oxygen gas), have a high bubble pressure, and exhibit 
low electrical resistance. Usually a polypropylene 
membrane such as treated Celgard 2500 or Celgard 
3501 is used as separator in these cells. The function 
of the separator is to prevent cross mixing of the 
positive and negative electrolytes but to still allow 
the transport of ions. Because of its porosity, the 
cationic compound produced in the anode reaction 
can easily pass through the separator to cathode that 
leads to an increased polarization and decreased 
capacity and battery life. The separator should be 
able to stop the passage of these cationic compounds 
to increase the cell life. The commercial Zn— air cells 
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also use laminated separators (e.g. Celgard 4560 and 
Celgard 5550), which have a microporous membrane 
laminated with a nonwoven. 

Dewi et al. used a cationic polysulfonium mem- 
brane as a separator in a zinc— air cell. They showed 
that the polysulfonium membranes were highly ef- 
fective in preventing zinc cation permeation from the 
anode to the cathode compared to the commercially 
available PP separators.^®^ 

A new polymeric separator membrane has been 
developed for alkaline electrochemical systems (e.g. 
metal/air, Zn/Ni, Zn/MnOz. Zn/HgO etc.) by Schubert 
et 31.288.289 ig a water-soluble copolymer of acrylic 
acid and sodium styrenesulfonate monomers (PAASS), 
The monomer ratio is varied to manipulate electro- 
lyte absorption and ionic resistivity of the copolymer. 
Processes have been developed to coat PAASS onto 
conventional nonwoven separator papers to produce 
composite membranes. The monomer ratio and the 
coating weight can be adjusted to balance ionic 
resistivity and shorting protection to provide ad- 
equate overall performance. PAASS coated separa- 
tors demonstrate good barrier properties to soluble 
zincate and silver species. Preliminary use of PAASS 
separator materials in a rechargeable Zn/air system 
showed a significant improvement in shorting protec- 
tion over microporous materials such as Celgard 
3401, 

The primary zinc— air cells have captured the 
hearing aid market, but the rechargeable zinc-air 
battery is still in the developmental stage. 

7.5.4. Zinc-Bromine 

The zinc— bromine battery is an attractive technol- 
ogy for both utility-energy storage and electric-vehicle 
applications. The technology has been limited in use 
and not commercialized due to two major draw- 
backs, the tendency of zinc to form dendrites and 
the high solubility of bromine in the aqueous zinc 
bromide electrolytes. Dendritic zinc deposits could 
easily short circuit the cell, and the high solubility 
of bromine allows diffusion and direct reaction with 
the zinc electrode, resulting in self-discharge of the 
cell. 

Various materials have been used as separators in 
zinc-bromine cells. Ideally a material is needed 
which allows the transport of zinc and bromide ions 
but does not allow the transport of aqueous bromine, 
polybromide ions, or complex phase structures. Ion 
selective membranes are more efficient at blocking 
transport then nonselective membranes.^^^ These 
membranes, however, are more expensive, less du- 
rable, and more difficult to handle then microporous 
membranes (e.g., Daramic membranes) .^^^ The use 
of ion selective membranes can also produce problems 
with the balance of water between the positive and 
negative electrolyte flow loops. Thus, battery devel- 
opers have only used nonselective microporous ma- 
terials for the separator.2^2 

Microporous separators have the advantage of 
being relatively low-cost and adequately stable in the 
electrolyte, but unfortunately they contribute to 
energy-efficiency losses in the battery. Rapid trans- 



port of bromine through microporous separators and 
accumulation of a bromine-oil complex in the sepa- 
rator lead to efficiency losses. Thus, improved sepa- 
rators with lower bromine mass transport and higher 
electrolytic conductivity would be beneficial for im- 
proving the energy efficiency of zinc— bromine bat- 
teries. 

7.6. Redox Flow Batteries 

The redox flow battery (RFB) concept was first 
proposed by L. H. Thaller at the NASA Lewis 
Research Center, Cleveland, since then, it 

has been investigated as one of the energy storage 
systems for solar power, nuclear power, load leveling 
purposes, and electric vehicles. 

The all-vanadium RFB developed by the University 
of New South Wales has the advantage of a higher 
electromotive force (1.4 V in a vanadium system 
compared to 1.1 V in an Fe/Cr system) and a higher 
energy density compared with other RFB systems.^^^ 
It employs V(II)A/(III) and V(IV)A/(V) redox couples 
in the negative and positive half-cell electrolytes. The 
ideal membrane for this system should exhibit low 
permeation rates of the active species to minimize 
self-discharge and also have low area resistivity to 
minimize losses in internal energy. Further, the 
membrane should also exhibit good chemical stability 
for long cycle life. The energy losses in a V— RFB are 
partly caused by the undesired transport of vana- 
dium ions of different oxidation states across the 
membrane, which separates the anolytic from the 
catholytic solution in the battery system.^^^ 

Ion exchange membranes of cation and anion 
selectivity are usually used as the membrane separa- 
tors for V~RFB, Commercially available cation selec- 
tive CMV membrane (Asahi Glass) degrades by the 
fully charged anolyte,^^^ but the Nafion membrane 
(Dupont) does not appear to degrade. However, the 
current efficiency of the V— RFB using Nafion de- 
creases due to self-discharge of the vanadium ions, 
which permeated through the membrane.^^^ Further- 
more, the cost of Nafion is exceptionally high. Chlo- 
rosulfonated polyolefin membrane shows a good 
resistivity to oxidation and its resistivity in the RFB, 
almost equal to Nafion.^^^ it has also been reported 
that a cross-linked chlorosulfonated homogeneous 
membrane formed by accelerated electron radiation 
at 2.5 Mrad/pass had a longer lifetime than the non 
cross-linked membrane because of the increase in the 
chemical stability.^°°-2°^ 

Microporous membranes perform poorly in V— RFB 
compared to ion exchange membranes due to their 
poor selectivity. Modification of low cost microporous 
separators to impart perm-selective properties could 
lead to significant cost reduction. Chieng et al. 
developed a composite membrane from Daramic (a 
microporous separator) , treated with Amberlite 400CG 
(an ion-exchange resin), and cross-linked using divi- 
nylbenzene.^°2*^°^ The separator selectivity was im- 
proved by partially blocking or by reducing the pore 
size or by incorporating some ion exchange capability 
to the separator. The chemical stability of the mem- 
brane was found to be excellent, and the membrane 
was not susceptible to fouling.^^'* Sulfonation of the 
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cross-linked Daramic separators was done to impart 
some cation-exchange capacity, and it was successful 
in reducing the amount of water transport across the 
membrane in V-RBC.^°^ The scale-up of sulfonation 
process is both difficult and expensive due to the very 
corrosive nature of concentrated sulfuric acid. Incor- 
poration of cation-exchange groups using poly(sodium 
4-styrenesulfonate) (PSSS) has been studied, and 
results show that the method reduces the water 
transport across the membrane. The PSSS treatment 
step can be easily scaled up.^°® 

Diffusion coefficients of vanadium ions in CMS 
(Neosepta made by Tokuyama Soda), CMV (Selemion 
made by Asahi Glass), and CMX (Neosepta made by 
Tokuyama Soda) cation exchange membranes were 
determined by measuring the ion-exchange fluxes of 
the vanadium ions with HsO"'" ions using a dialysis 
celL^^^ The lowest diffusion coefficients were observed 
in the CMS membrane for all vanadium ions. CMS 
membranes were found to be most suitable for 
V— RFB, as it was expected to prevent cross contami- 
nation of vanadium ions.^^^ 

One of the most important requirements that must 
be met is the membrane s ability to prevent excessive 
transfer of water from one half cell to the other. The 
preferential transfer of water can be a problem in the 
vanadium battery as one half-cell (the negative half 
cell in the case of cation exchange membranes) is 
flooded and becomes diluted, while the other becomes 
more concentrated, adversely affecting the overall 
operation of the cell. Most of the membranes show 
good initial water transfer properties, but their 
performance deteriorates with exposure to the vana- 
dium solutions. Sukkar et al.^^ evaluated various 
polyelectrolytes to determine whether they could 
improve the selectivity and stability of the mem- 
branes in the vanadium redox cell solutions. Both the 
cationic and anionic polyelectrolytes evaluated im- 
proved the water transfer properties of the mem- 
branes, although upon extended exposure to the 
vanadium electrolyte the modified membranes did 
not maintain their improved water transfer proper- 
ties. The solvent based Nuosperse 657 modified 
membrane displayed exceptional properties initially 
but also failed to maintain its performance with 
extended exposure to the vanadium solutions. 

Another system under investigation is the iron/ 
chromium redox flow battery (Fe/Cr RFB) developed 
by NASA. The performance requirements of the 
membrane for Fe/Cr RFB are severe. The membrane 
must readily permit the passage of chloride ions, but 
should not allow any mixing of the chromium and 
iron ions. An anionic permselective membrane CDIL- 
AA5-LC-397, developed by Ionics, Inc., performed 
well in this system.^^^ It was prepared by a free 
radical polymerization of vinylbenzyl chloride and 
dimethylaminoethyl methacrylate in a 1:1 molar 
ratio. One major issue with the anionic membranes 
was its increase in resistance during the time it was 
exposed to a ferric chloride solution. The resistance 
increase termed "fouling" is related to the ability of 
the ferric ion to form ferric chloride complexes, which 
are not electrically repelled by the anionic membrane. 
An experiment by Arnold and Assink indicated that 



fouling decreased when the degree of cross-linking 
of the anion-exchange membrane was increased.^*° 
Hruska et al.^^* evaluated various microporous 
materials (Celgard 55 11 composed of porous polypro- 
pylene and Daramic W0733 composed of porous 
polyethylene) to reduce the columbic efficiency loss 
caused by the oxidation of the iron plate. The chemi- 
cal resistances of both Celgard and Daramic mem- 
branes in iron electrolytes were excellent at pH = 0. 
Celgard separators with very low resistivity offered 
some improvement in columbic efficiency but the 
Daramic separators gave very high columbic efficien- 
cies in a laboratory size redox cell. Daramic separa- 
tors also limited the ferric ion diffusional loss to about 
3% for both charge and discharge modes of operation. 
Two commercial ion exchange membranes were also 
evaluated in this study: Neosepta ACH-45T (Tokuya- 
ma Soda Company Ltd.) and Selemion DMV (Asahi 
Glass Company Limited). In laboratory cells, the 
membranes discolored, giving evidence of deteriora- 
tion, and the resistivity of the membrane increased 
significantly. The increased resistivity was attributed 
to FeCU" fouling. Thus, attempts at lowering the 
polarization by maintaining a pH differential across 
the cell with commercial anion membranes were 
unsuccessful because of membrane fouling. In spite 
of the poor voltaic performance of the membrane, the 
overall Coulombic efficiency was found to be excep- 
tionally good. 

8. Mathematical Modeling of Batteries/Separators 

Computer simulations have been used as a tool for 
understanding and optimizing battery performance 
since the IQTOs.^^^"^^"* Continued progress in compu- 
tational tools has enabled ever-increasing sophistica- 
tion in battery modeling and a steady increase in the 
number of systems to which modeling has been 
applied. Today it is possible to obtain simulation 
codes for all of the major rechargeable batteries, some 
of which are available for free.^*^ 

The mathematical models of different types of 

batteries (lead-acid,3»6.3i7 NiMH.^is Iithium-ion3i9-320) 

have been developed during the past few years.^'® 
This has led to a better understanding of those 
systems. The present models consider only the thick- 
ness and porosity of the separators. Not much work 
has been done in incorporating the effect of physical 
and chemical properties of separators on the perfor- 
mance and safety of batteries. This is also because 
the microstructure of separators and their effect on 
transport properties in batteries are generally known 
only qualitatively. A thorough understanding of the 
microstructure of separators would be beneficial for 
modeling studies and optimization of electrochemical 
systems. This will help in making the battery model 
predictions more practical and reliable. 

The separator pore structure is usually very com- 
plex. It consists of a porous network of interconnected 
pores, which are filled with liquid electrolyte. A 
complete description of the pore structure would 
require a very intricate model. Simulations are only 
practically possible if the structure is represented by 
a simplified quasi-continuum involving a few param- 
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eters. In such an approach, the "effective" electrolytic 
conductivity, aefr, is often defined by®^ 

<^efr =^V a ^1.5 (11) 

where ao is the bulk ionic conductivity of the elec- 
trolyte, € is the void volume fraction of separator filled 
with electrolyte, and a is the Bruggeman exponent. 
The general applicability of a ^ 1.5, appears ques-' 
tionable because separator pores are never of an ideal 
shape. Fan and White^^^ chose a a value of 2.5 for 
separators in NiCd batteries, and Doyle et al.^^^ used 
3.3 for lithium-ion batteries. Arora et al.^^^ measured 
the value as 2.4 for PVdF based separators by 
measuring the separator and electrolyte conductivity 
at different salt concentrations. Doyle et al. used an 
even higher Bruggeman exponent of 4.5 for quantify- 
ing the ionic conductivity of their plasticized electro- 
lyte membrane.^^2 

Patel et al. showed that a Bruggeman exponent of 
1.5 is often not valid for real separator materials, 
which do not have uniform spherical shape.^^"* Porous 
networks based on other morphologies such as oblate 
(disk-type) ellipsoids or lameller increase the tortuous 
path for ionic conductivity and result either in a 
significant increase of the exponent a. or in a 
complete deviation from the power law. They showed 
that spherical or slightly prolate ellipsoidal pores 
should be preferred for separators, as they lead to 
higher ionic conductivity separators, 

jyg325 explained that separator tortuosity is a key 
property determining transient response of a separa- 
tor and steady-state electrical measurements do not 
reflect the influence of tortuosity. He recommended 
that the distribution of tortuosity in separators be 
considered; some pores may have less tortuous paths 
than others. He showed mathematically that separa- 
tors with identical average tortuosities and porosities 
could be distinguished by their unsteady-state be- 
havior if they have different distributions of tortu- 
osity. 

Doyle et al.^^^ used a mathematical model to 
examine the effect of separator thickness for the 
PVdFiHFP gel electrolyte system and found that 
decreasing separator thickness below 52 fim caused 
only a minor decrease in ohmic drop across the cell. 
The voltage drops in the electrodes were much more 
significant. Mao and White^^^ developed a math- 
ematical model for discharge of a Li/TiSz cell. Their 
model predicted that increasing the thickness of the 
separator from 25 to 100 //m decreased the discharge 
capacity from 95% to about 90%; further increasing 
separator thickness to 200 fim reduced discharge 
capacity to 75%. These theoretical results indicate 
that conventional separators (25—37 fim thick) do not 
significantly limit mass transfer of lithium. 

The use of electroactive polymers for overcharge 
protection has been recently reported for lithium-ion 
batteries.^2^'^2* The electroactive polymer incorpo- 
rated into a battery's separator is an attractive new 
option for overcharge protection. Thomas et al.^^^ 
developed a mathematical model to explain how 
electroactive polymers such as polythiophene can be 
used to provide overcharge protection for lithium-ion 



batteries. The model shows that, as the cell potential 
exceeds the oxidation potential of the polymer, the 
cell is transformed, over a time scale of a few 
minutes, from a battery into a resistor, after which 
a steady-state overcharge condition is attained. 

a Summary 

The ideal battery separator would be infinitesi- 
mally thin, offer no resistance to ionic transport in 
electrolytes, provide infinite resistance to electronic 
conductivity for isolation of electrodes, be highly 
tortuous to prevent dendritic growths, and be inert 
to chemical reactions. Unfortunately, in the real 
world the ideal case does not exist. Real world 
separators are electronically insulating membranes 
whose ionic resistivity is brought to the desired range 
by manipulating the membranes thickness and po- 
rosity. 

It is clear that no single separator satisfies all the 
needs of battery designers, and compromises have to 
be made. It is ultimately the application that decides 
which separator is most suitable. We hope that this 
paper will be a useful tool and will help the battery 
manufacturers in selecting the most appropriate 
separators for their batteries and respective applica- 
tions. The information provided is purely technical 
and does not include other very important param- 
eters, such as cost of production, availability, and 
long-term stability. 

There has been a continued demand for thinner 
battery separators to increase battery power and 
capacity. This has been especially true for lithium- 
ion batteries used in portable electronics. However, 
it is very important to ensure the continued safety 
of batteries, and this is where the role of the separa- 
tor is greatest. Thus, it is essential to optimize all 
the components of battery to improve the perfor- 
mance while maintaining the safety of these cells. 
Separator manufacturers should work along with the 
battery manufacturers to create the next generation 
of batteries with increased reliability and perfor- 
mance, but always keeping safety in mind. 

This paper has attempted to present a comprehen- 
sive review of literature on separators used in various 
batteries. It is evident that a wide variety of separa- 
tors are available and that they are critical compo- 
nents in batteries. In many cases, the separator is 
one of the major factors limiting the life and/or 
performance of batteries. Consequently, development 
of new improved separators would be very beneficial 
for the advanced high capacity batteries. 

10, Future Directions 

Up until more recent history, most of the separa- 
tors and membranes historically used had not been 
specifically developed for battery applications. Thus, 
future research should be aimed at developing sepa- 
rators that are specifically tailored for battery ap- 
plications. The general objectives of separator re- 
search should be as follows: (a) to find new and cost- 
effective separators, (b) to understand the separator 
properties in batteries, and (c) to optimize separator 
properties related to specific cell performance, life, 
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and safety. One way to achieve some of these goals 
will be to develop mathematical models that reflect 
the effects of separator resistance, thickness, pore 
size, shrinkage, tortuosity, and mechanical strength 
on the final performance and safety of batteries. The 
battery separators for tomorrow will demand more 
than just good insulation and mechanical filtration; 
they will require unique electrochemical properties. 

It Acknowledgments 

The authors would like to acknowledge numerous 
colleagues and staff members at Celgard, LLC, and 
Polypore, International, Inc., for their help with the 
preparation and publication of this paper. 

12. References 

(1) Linden, D.; Reddy, T. B. Handbook of Batteries, 3rd ed.; McGraw- 
Hill: New York. 2002. 

(2) Besenhard, J. 0. Editor, Handbook of Battery Materials; Wiley- 
VCH: Weinheim, Germany, 1999. 

(3) Berndt, D. Maintenance Free Batteries, 3rd ed., Resezuxh Studies 
Press Ltd.: Taunton, Somerset. England, 2003. 

(4) Bode, H. Lead-Acid Batteries, John Wiley: New York, 1977. 

(5) Falk, S. U.; Salkind. A. J. Alkaline Storage Batteries, John 
WUey: New York. 1969. 

(6) Fleischer, A.; Lander, J. J. Zinc-Silver Oxide Batteries; John 
Wiley: New York. 1971. 

(7) Brodd, R. J., Friend. H. M., Nardi, J. C., Eds. Uttiium Ion Battery 
Technology. ITE-JEC Press: Brunswick. OH, 1995. 

(8) Wakihara, M., Yamamoto, 0.. Eds. Lithium Ion Batteries, 
Fundamentals and Performance; Wi\ey-VCH : New York. 1998. 

(9) Yoshino. A. Chem. Ind. 1995, 146, 870. 

(10) Schalkwijk, W. A. V., Ed. Advances in Lithium Ion Batteries, 
Kluwer Academic: New York, 2002. 

(11) Kinoshita, K.; Yeo, R. Survey on Separators for Electrochemical 
Systems, LBNL: January 1985. 

(12) Benett, J.; Choi, W. M. Developments in small cell separators. 
In Proceedings of the 10th Annual Battery Conference on Ap- 
plications & Advances, IEEE: New York, 1995; p 265. 

(13) Boehnstedt, W. In Handbook of Battery Materials; Besenhard, 
J. 0., Ed.; VCH Wiley: Amsterdam and New York. 1999. 

(14) Spotnitz. R. In Handbook of Battery Materials, Besenhard, J. 
0„ Ed.; VCH Wiley: Amsterdam and New York. 1999. 

(15) Shlrai. H.; Spotnitz. R. Lithium Ion Secondary Battery- Materi- 
als and Applications, Yoshio, K, Ed.: NildQan Kogyo Shin-bun: 
Tokyo, 1996; p 91 (in Japanese). 

(16) Shirai, H.; Spotnitz. R.; Atsushi, A. Chem. Ind. 1997, 48, 47 (in 
Japanese). 

(17) Hiroshi, T. In The Latest Technologies of the New Secondary 
Battery Material; Ogumi, Z., Ed.; CMC: Tokyo, 200X; p 99 (in 
Japanese). 

(18) Hiroshi. T, In Advanced Technologies for Polymer Battery, 
Oyama. N., Ed.; CMC: Tokyo, 200X; p 165 (in Japanese). 

(1 9) Koichi, K. In Advanced Technologies for Polymer Battery, Oyama, 
N.. Ed.; CMC: Tokyo, 200X; p 174. (In Japanese). 

(20) Kiyoshi, K. In Lithium Secondary Battery Technology for the 2lst 
Century, Kanamura, K., Ed,; CMC: Tokyo, 200X; p 116. 

(21) Brodd. R. J.; Bullock. K. R.; Leising, R. A.; Middaugh. R. L.; 
Miller. J. R.; Takeuchi. E. J. Electrochem. Soc. 2004. 151, Kl. 

(22) Battery Power Prod. Technol 2003. 7 (May), 15. 

(23) Takeshita. H. Presented at The 21st International Seminar & 
Exhibit on Primary & Secondary Batteries. Fort Lauderdale, FL, 
Florida Educational Seminars Inc., March 8, 2004. 

(24) Battery EV Technol 2004, 28 (Jan), 2. 

(25) Pilot, C. The Worldwide Rechargeable Battery Market, Pre- 
sented at Batteries 2004, 6th ed.; Paris. June 2-4, 2004, 

(26) Celgard LLC http://www.celgard.com. 

(27) Celgard completes capacity expansion, Global Sources, http:// 
www.globalsources.com. February 04, 2004. 

(28) Asahi Kasei adding battery membrane capacity. Nikkei 
Net Interact http://www,nni.nikkei.co.jp/ACArNKS/ 
Nni20030806D06JFA23.htm. August 7. 2003. 

*(29) Advanced Rechargeable Battery Industry 2001/2002. Nomura 
Research Institute Limited, 2002. 

(30) About Edison Batteries, Inc., http://www.optodot.con[i/sys-tmpl/ 
htmlpage/. 

(31) Battery and Fuel Cell Components, The Fredonia Group: 2003. 

(32) Adv. Battery Technol 2004, 40 (Feb), 22. 

(33) Hamano, K.; Yoshida. Y.; Shiota, H.; Shiraga, S.; Aihara, S.; 
Murai, M.; Inuzuka, T. U.S. Patent 6,664,007, B2, 2003. 



(34) Sun, L.; Chen, G.; Xu, D.; Abe. T. Presented at the 204th Meeting 
of The Electrochemical Society, 2003; Abstract 423. 

(35) Sun, L. U.S. Patent 2003/01 5 2828A1, 2003. 

(36) Johnson, B. A.; White, R. E. J. Power Sources 1998. 70, 48. 

(37) Hoffman, H. G. Proceedings of the Tenth Annual Battery Confer- 
ence on Applications and Advances, IEEE: New York. 1995; p 
253. 

(38) Bradford, S, M. Battery Power Prod. Technol 2004. (Mar). 17, 

(39) Frost & Sullivan Research World Rechargeable Battery Markets 
for Mobile IT and Communication Devices (A575-27); 2002. 

(40) Geiger. M.; Callahan, R. W.; Diwiggins. C. F.; Fisher, H. M.; 
Hoffman, D. K.; Yu. W. C; Abraham. K. M.; Jillson. M. H.; 
Nguyen, T. H. Presented at The Eleventh International Seminar 
on Primary and Secondary Battery Technology and Application, 
Fort Lauderdale, FL, Florida Educational Seminars Inc., Feb 
28-Mar 3, 1994. 

(41) Tanba. H. Molding Process 1999, 11, 759. 

(42) Adachi. A.; Spotnitz. R. M.; et al. Osaka Chem. Marketing Center 
1997, 69-80. 

(43) Yu. W. C; Hux, S. E. U.S. Patent. 5.952.120. 1999. 

(44) Hipore, Asahi Kasai, http://www.asahi-kasai.cojp/memrbane/ 
english/tradenm/t07 .html. 

(45) Bierenbaum. H. S.; Isaacson, R. B.; Druin, M. L.; Plovan, S. G. 
Ind. Eng. Chem. Prod. Res. Dev. 1974. 13, 2. 

(46) Jpn. Ind. News 1996. 91. 

(47) Kim, S. S.; Lloyd. D. R. J. Membr. Scl 1991, 64, 13. 

(48) Druin. M. L.; Loft. J. T.; Plovan, S. G. U.S. Patent 3.801,404. 
1974. 

(49) Schell, W. J.; Zhang, Z. The Fourteenth Annual Battery Confer- 
ence on Applications and Advances, Long Beach. CA; IEEE: New 
York. 1999; p 161. 

(50) Isaacson, R. B.; Bierenbaum, H. S. U.S. Patent 3,558,764, 1971. 

(51) Kamei, E.; Shimomura, Y. U.S. Patent 4,563.317, 1986. 

(52) Yu. T. H. Processing and Structure-Property Behavior of 
Microporous Polyethylene-From Resin to Final Film Ph.D. 
Dissertation, Virginia Polytechnic Institute and State Univer- 
sity, Blacksburg, VA, 1996. 

(53) Sarada. T.; Sawyer, L. C; Ostler. M. I. J. Membr. Scl 1983. 75. 
97. 

(54) Bierenbaum. H. S.; Daley, L. R.; Zimmerman, D.; Hay, I. L. U.S. 
Patent, 3,843.761, 1974. 

(55) Hamer, E. A. G. U.S. Patent. 4.620,956. 1986.. 

(56) Hiroshi. K.; Tetuo, A.; Akira, K. U.S. Patent 5.691,047. 1997. 

(57) Resting, R. E. Synthetic Polymeric Membranes, 2nd ed.; John 
WUey & Sons Inc.: New York, 1985; Chapter 2. 

(58) Ihm. D. W.; Noh. J. G.; Kim. J. Y. J. Power Sources 2002. 109, 
388. 

(59) Takita. K.; kono, K.; Takashima, T,; Okamoto. K. U.S. Patent, 
5.051.183. 1991. 

(60) Michiyuki, A.; Jpn. Patent 8064194, 1996. 

(61) Kotaro, T.; Koichi, K.; Tatsuya. T.; Kenkichi. O. U.S. Patent 5.- 
051,183. 1991. 

(62) Koichi. K.; Kotaro, T.; Mamoru. T.; Tatsuya, T. Jpn. Patent 
8012799 1996 

(63) Norimitsu, K.; Kotaru. T.; Koichi. K.; Hidehiko. F. U.S. Patent 
6,153,133. 2000. 

(64) Akinao. H.; Kazuo. Y.; Hitoshi, M. U.S. Patent 6.048.607, 2000. 

(65) Pekala. R. W.; Khavari, M. U.S. Patent 6.586.138, 2003. 

(66) Userguide. FreedomCar Separator Costing Document, February 
2003. 

(67) Xu, M.; Hu, S.; Guan, J.; Sun, X.; Wu, W.; Zhu. W.; Zhang, X.; 
Ma. Z.; Han, Q.; Liu, S. U.S. Patent 5,134,174. 1992. 

(68) Fisher, H. M.; Wensley. C. G. U.S. Patent 6.368.742. 2002. 

(69) Zhu. W.; Zhang. X.; Zhao. C; Zu, W.; Hou. J.: Xu. M. Polym. 
Adv. Technol 1996. 7, 743. 

(70) Sadamitsu, K.; Ikeda, N.; Hoki, Manabu, Nagata, K.; Ogino, K. 
World Patent Application 02066233A1. 2002. 

(71) Higuchi, H.; Matsushita, K.; Ezoe. M.; Shinomura, T. U.S. Patent 
5.385,777, 1995. 

(72) Calls, G, H. M.; Daemen, A. P. M.; Gerrits. N. S. J. A.; Smedinga. 
J. T. J. Power Sources 1997, 65, 275. 

(73) Ooms. F. G. B.; Kelder. E. M.; Schoonman. J.; Gerrits. N.; 
Smedinga. J.; Calls, G. J. Power Sources 2001. 97-98, 598. 

(74) Yamamura, Y.; Ooizumi, S.; Yamamoto, K. Separator for re- 
chargeable lithium ion batteries with high puncture strength 
and high melt rupture temperature. Nitto Denko Technol Rep. 
(http://www.nitto.com/rd/rd6_l.html), 2001. 39, 39. 

(75) Pekala, R. W.; Khavari, M.; Dobbie. G.; Lee, D.; Fraser-Bell, G. 
Presented at the 17th International Seminar & Exhibit on 
Primary and Secondary Batteries, Fort Lauderdale, FL, Florida 
Educational Seminars, Inc., March 6-9. 2000. 

(76) Fleming, R.; Taskier, H. Prog Batteries Solar Ceils 1990, 9, 58. 

(77) Hoffman. D.; Fisher. H.; Langford, E.; Diwiggins. C. Prog. 
Batteries Solar Cells 1990. 9, 48. 

(78) Yu, W. C; Callahan, R. W.; Diwiggins, C. F.; Fischer. H. M.; 
Geiger, M. W.; Schell. W. J. Presented at the North America 
Membrane Society Conference, Breckenridge, CO, 1994. 

(79) Kurlbayashi. I. J. Power Sources 1996, 63. 87. 



4460 Chemical Reviews, 2004, Vol. 104, No. 10 



Arora and Zhang 



(80) Pasquier, A. D.; Gozdz, A.; Plitz, I.; Shelburne, J. Presented at 
the 201st meeting of The Electrochemical Society, Philadelphia, 
PA. May 12-17. 2002. 

(81) Augustin. S.; Volker. H.; Gerhard, H.; Christian, H. Desalination 
2002. 146, 23. 

(82) http://www.separion.com. 

(83) Hying. C. Separion separators for lithium batteries— safety & 
performance. Presented at Batteries 2004. 6th Ed.; Paris, June 
2-4, 2004. 

(84) Sachan. S.; Ray. C, A.; Perusich, S. A. PoJym. Eng. Sci. 2002, 
42, 1469. 

(85) Sachan, S.; Perusich, S, Electrochemical Society Meeting. Se- 
attle. 1999. 

(86) Carlson, S. A. Membr. Sep. TectinoL News 2004, 22, 8. 

(87) Abraham, K. M. Electrochim. Acta 1993, 38, 1233. 

(88) Gineste. J. L.; Pourcell, G. J. Membr, Sci. 1995. 107, 155. 

(89) Hoffman, D. K.; Abraham, K. M. In Proceedings of the Fiftii 
International Seminar on Lithium Battery Technology and 
Applications, Florida Educational Seminars, Inc.: Deerfield 
Beach, FL. 1991. 

(90) USABC "Development of low cost separators for lithium-ion 
batteries". RFPI 2001. 

(91) Laman. F. C.; Sakutai, Y.; Hirai, T.; Yamaki. J.; Tobishima. S. 
Ext Abstr., 6th Int. Meet Lithium Batteries 1992. 298-300. 

(92) Laman. F. C.; Gee, M. A.; Denovan. J. J. Eiectrochem. Soc. 1993. 
140, L51. 

(93) Abraham, K. M. Electrochim. Acta 1993, 38, 1233. 

(94) Robinson. R. G.; Walker. R. L. In Batteries, Collins. D. H., Ed.; 
The MacMillan Company: New York. 1963; p 15. 

(95) Lander. J. J.; Weaver, R. D.; Salkind. A. J.; Kelley, J. J. In 
Characteristics of Separators for Alkaline Siver Oxide Zinc 
Secondary Batteries. Screening Methods, Cooper, J. E., Fleischer, 
A.. Eds.; NASA Technical Report NAS 5-2860. 1964. 

(96) Kilroy. W. P.; Moynihan, C. T. J. Eiectrochem. Soc. 1978, 125, 
520. 

(97) MacMullin. R. B.; Muccini, G. A. AIChE J. 1956. 2, 393. 

(98) Callahan, R. W.; Nguyen, K. V.; McLean, J. G.; Propost, J.; 
Hoffman. D. K. Proceedings of the 10th International Seminar 
on Primary and Secondary Battery Technology and Application: 
Florida Educational Seminars. Inc.: Fort Lauderdale, FL. 1993. 

(99) lonov, V. v.; Isakevitch, V. V.; Katalevsky, E. E.; Chemokoz. A. 
J. J. Power Sources 1990, 30, 321. 

(100) Lowell. S.; Shields. E. Powder Surface Area and Porosity, 3rd 
ed.; Chapman and Hall: New York, 1991. 

(101) PMI Conference 2000 Proceedings. PMI short course. Ithaca. NY, 
Oct 16-19, 2000. 

(102) Porous Materials Inc. http://www.pmiapp.com. 

(103) Jena. A. K.; Gupta, K. M. J. Power Sources 1999, 80, 46. 

(104) Jena, A. K.; Gupta. K. M. J. Power Sources 2001. 96, 214. 

(105) Zeman. L.; Denault. L. J. Membr. Sci. 1992, 71, 221, 

(106) Chen. R. T.; Saw, C. K.; Jamieson. M. G.; Aversa. T. R.; Callahan, 
R. W. J. Appl Polym. Sci. 1994, 53. 471. 

(107) Fujii. T.; Mochizuki, T. U.S. Patent. 5. 759, 678, 1998. 

(108) Spotnitz, R.; Ferebee. M.; Callahan, R. W.; Nguyen, K.; Yu, W. 
C; Geiger, M.; Dwiggens, C; Fischer. H.; Hoffman. D. Proceed- 
ings of the 12th International Seminar on Primary and Second- 
ary Battery Technology and Applications, Fort Lauderdale. FL. 
Florida Educational Seminars, Inc.: Fort Lauderdale. FL. 1995. 

(109) Venugopal, G.; Moore, J.; Howard. J.; Pendalwar. S. J. Power 
Sources 1999. 77, 34. 

(110) Venugopal. G. The role of plastics in lithium-ion batteries. 
Proceeding of the 3rd Annual Conference on Plastics for Portable 
and Wireless Electronics, Philadelphia. PA, 1997; p 11. 

(111) Lundquist. J. T.; Lundsager. C. B.; Palmer, N. L.; Troffkin, H. 
J.; Howard, J. U.S. Patent 4.731.304, 1998. 

(112) Lundquist. J. T,; Lundsager, C. B.; Palmer, N. I,; Troffkin. H. 
J. U.S. Patent 4.650,730. 1987. 

(1 13) Zuckerbrod, D.; Giovannoni, R. T.; Grossman. K. R. Proceedings 
of the 34th International Power Sources Symposium, Cherry Hill. 
NJ, 1990; p 172. 

(114) Spotnitz, R.; Ferebee. M. W. Meeting Abstracts, The Electro- 
chemical Society Inc.. Volume 96-2, Fall Meeting, San Antonio, 
TX. October 6~ll\ The Electrochemical Society: New York. 
1996. 

(115) Faust. M. A.; Suchanski, M. R.; Osterhoudt. H. W. U.S. Patent 
No. 4.741.979, 1988. 

(1 16) Matthias, U.; Dieter. B.; Heinrich, R.; Thomas. B.; U.S. Patent, 
6,511,517, 2003. 

(117) Maleki. H.; Shamsuri, A. K. J. Power Sources 200Z. 115, 131. 

(118) Zeng. S.; Moses, P. R. J. Power Sources ZdOO, 90, 39. 

(119) Norin, L.; Kostecki, R.; McLarnon, F. Eiectrochem. Solid State 
Lett. 2002. 5, A67. 

(120) Kostecki, R.; Norin. L.; Song, X.; McLarnon, F. J. Eiectrochem. 
Soc. 2004. 151, A522. 

(121) Hazardous Materials Regulations, Code of Federal Regulations, 
CFR49 173.185. 

(122) UL1640. Lithium Batteries. Underwriters Laboratories, Inc. 

(123) UL2054, Household and Commercial Batteries. Underwriters 
Laboratories, Inc. 



;i24) Secondary Lithium Cells and Batteries for Portable Applications. 
International Electrotechnic Commission, lEC 61960-1 and lEC 
61960-2. 

|1 25) Recommendations on the Transport of Dangerous Goods, Manual 
of Tests and Criteria. United Nations: New York. 1999. 

126) Safety Standard for Lithium Batteries, UL 1642, Underwriters 
Laboratories Inc. Third Edition, 1995. 

;i27) Standard for Household and Commercial Batteries, UL 2054. 
Underwriter Laboratories, Inc., 1993. 

(128) UN Recommendations on the Transport of Dangerous Goods, 
December 2000. 

(129) A Guideline for the Safety Evaluation of Secondary Lithium 
Cells. Japan Battery Association. 1997. 

(130) Venugopal, G. J. Power Sources Zmi, 101, 231. 

(13 1) Alamgir, M.; Abraham. K. M. In Lithium Batteries: New 
Materials. Developments and Perspectives, Industrial Chemistry 
Library 5: Pistoia. G.. Ed.; Elsevier: New York. 1994; Chapter 
3. 

(132) Gray, F. M. Polymer Electrolytes RSC Materials Monograph; 
The Royal Society of Chemistry: Cambridge. U.K.. 1997. 

(133) Fauteux. D.; Massucco, A.; McLin, M.; Van Buren. M.; Shi, J. 
Electrochim. Acta 1995, 40, 2185. 

(134) North. M.; Markin, T. L.; Hooper. A.; Tofield. B. C. Second 
International Meeting on Lithium Batteries. Paris, France, April 
25-27. 1984;Extended Abstracts # 19. 

(135) Chem. Int. 1982. (June, No. 3). 14. 

(136) Appetecchi. G. B.; Dautzenberg, G.; Scrosati, B. J. Eiectrochem. 
Soc. 1996. 143, 6. 

(137) Armand. M. Solid State Ionics 1983, 9 & 10, 745. 

(138) Lightfoot, P.; Mehta, M. A.; Bruce, P. G. Science 1993, 262, 883. 

(139) Vincent, C. A.; Scrosati, B. Modem Batteries. An Introduction 
to Electrochemical Power Sources, AiTnold: London. 1993. 

(140) Appetecchi, G. B.; Passerlni. S. J. Eiectrochem. Soc. 2002, 149, 
A891. 

(141) Croce, F.; Appetecchi, G. B.; Persi, L.; Scrosati, B. Nature 
(London) 1998. 394, 4496. 

(142) Croce, F.; Persi, L.; Ronci, F.; Scrosati, B. Solid State Ionics 2000. 
135, 47. 

(143) Fan. J.; Fedkiw, P. S. J. Eiectrochem. Soc. 1997. 144, 399. 

(144) Appetecchi, G. B.; Romagnoli. P.; Scrosati. B. Eiectrochem. 
Commun. 2001, 5. 281. 

(145) Kim, D. W.; Sun, Y. K. J. Power Sources 2001, 102, 41. 

(146) Chojnacka. J.; Acosta, J. L.; Morales. E. J. Power Sources 2001, 
97-98. 819. 

(147) Nishi. Y. Advances in Lithium Ion Batteries, van Schalkwijk, 
W.. Scrosati. B.. Eds.; Kluwer Academic/Plenum Publishers: 
New York. 2002.' 

(148) EETimes.com: http://www.eet.com/story/OEG19990121S0013. 

(149) Song, J. Y.; Wang, Y. Y.; Wan. C.C.J. Power Sources 1999, 77, 
183. 

(150) Min, H. S.; Ko. J. M.; Kim. D. W. J. Power Sources 2003. 119- 
121, 461. 

(151) Jo, S. L; Sohn, H. J.; Kang. D. W.; Kim. D. W. J. Power Sources 
2003. 119-121. 478. 

(152) Kim, H. S.; Kum, K. S.; Cho, W. I.; Cho. B. W.; Rhee, H. W. J. 
Power Sources 2003, 124, 221. 

(153) Abraham, K. M.; Alamgir. M. Solid State Ionics 1994. 70-71, 
20. 

(154) Schmutz, C; Tarascon, J. M.; Gozdz, A. S.; Schumtz. C. N.; 
Warren, P. C; Shokoohi. F. K. Proc. Eiectrochem. Soc. 1995, 94 
(28), 330. 

(155) Murata, K.; Izuchi, S.; Yoshihisa. Y. Electrochim. Acta 2000, 45, 
1501. 

(156) Jiang. Z.; Carroll, B.; Abraham. K. M. Electrochim. Acta 1997, 
42. 2667. 

(157) Song, J. Y.; Cheng, C. L.; Wang. Y. Y.; Wan, C. C. J. Eiectrochem. 
Soc. 2002, 149. A1230. 

(158) Gozdz, A. S.i Schmutz, C. N.; Tarascon. J. M.; Warren, P. C. 
U.S. Patent, 5.456,000. 1995. 

(159) Gozdz. A. S.; Tarascon. J. M.; Schmutz. C. N.; Warren. P. C; 
Gebizlloglu, O. S.; Shokoohi. F. Tenth Annual Batteiy Conference 
on Advances and Applications. Long Beach. CA, January 10- 
13, IEEE: New York. 1995; 301. 

(160) Tarascon, J. M.; Gozdz. A. S.; Schumtz, C. N.; Shokoohi, F. K.; 
Warren, P. C. Solid State Ionics 1996. 86-88, 49. 

(161) Pasquier, A. D.; Waren, P. C; Culver, D.; Gozdz, A. S.; Amatucci. 
G.; Tarascon, J. M. Proc. Eiectrochem. Soc. 1999. 99 (24). 360. 

(162) Park, C. K.; Kakirde. A.; Ebner, W.; Manivannan. V.; Chai. C; 
Ihm. D. J.; Shim. Y. J. J. Power Sources 2001. 97-98, 775. 

(163) Dasgupta. S.; Jacobs. J. K. U.S. Patent. 5,437.692. 1995. 

(164) Abraham, K. M.; Alamgir, M.; Hoffman, D. K. J. Eiectrochem. 
Soc. 1995, 142, 683. 

(165) Pendalwar, S. L.; Howard. J. N.; Venugopal. G.; Oliver, M. U.S. 
Patent, 5,716.421. 1998. 

(166) Gozdz, A. S.; Plitz, I.; Du Pasquier. A.; Zheng, T. Proceedings of 
the 200th ECS Meeting, Fall 2001. Phoenix, AZ, 2001; Vol. 2000- 
2001. pp 336-351, 

(167) Gozdz, A. S. U.S. Patent 6.328,770. 2001. 



Battery Separators 



Chemical Reviews, 2004, Vol. 104, No. 10 4461 



[168) Kim. D. W.: Oh. B.; Park. J. H.: Sun. Y. K. Solid State Ionics 
2000. 138, 41. 

[169) Wang. Y.; Sejdic. J. T.; Steiner, R. Solid State Ionics, 2002, 148, 
443. 

[170) Gozdz, A. S.: Plitz, L; DuPasquier, A.; Zheng. T. Presented at 
the 198th Meeting of the Electrochemical Society, Phoenix. AZ, 
Oct 22-27. 2000. 

[171) Spotnitz. R. M.; Wensley, C. G. U.S. Patent 6.322.923. 2000. 

[172) Fabrice. C; Bradford. R. WO 02/50929 A2, 2002. 

[173) Jeong. Y. B.; Kim, D. W. J. Power Sources 2004. 128, 256. 

[174) Abraham. K. M.; Alamgir, M.; Hoffman, D. K. J. Electrochem. 
Sac. 1995, 142, 683. 

[175) Dasgupta, S.; Jacobs, J. K. U.S. Patent 5,498,489, 1996. 

[176) Gies, P.; Charles. R. A.; Dieken, J. World Patent 00/13248. 2000. 

[177) Eschbach. F. O.; Oliver. M. U.S. Patent, 5.681.357. 1997. 

[178) Hamano. K.; Shiota, H.; Shiraga. S.; Aihara, S.; Yoshida. Y.; 
Murai. M,; Inuzuka. T. U.S. Patent. 5. 981. 107, 1999. 

[179) Akashi, H. U.S. Patent. 5,658.686, 1997. 

[180) Akashi. H. Paper presented at the International Symposium on 
Polymer Electrolytes, ISPE-5, Uppsala, Sweden, Aug 11-16. 
1996. 

[181) Fujii, T. Proceedings of the 1 7th International Seminar & Exhibit 
on Primary and Secondary Batteries, Florida Educational Semi- 
nars, Inc.: Boca Raton, FL, 2000. 

[182) Nakane. I.; Narukawa, S. Presented at Power 2000, The 8th 
Annual International Conference on Power Requirements for 
Mobile Computing and Wireless Communications. San Diego, 
CA, Sept 24-27, 2000. 

[183) Kim. K. M.; Ryu. K. S.; Kang. S. G.; Chang. S. H.; Chung. I. J. 
Macromol. Chem. Phys. 2001. 202, 866. 

[184) Kim, K. M.; Park. N. G.; Ryu. K. S.: Chang. S. H. PoiymerZQOZ, 
43, 3951. 

[185) Kim, K. M.; Ko. J. M.; Park. N. G.; Ryu. K. S.; Chang. S. H. 
Solid State Ionics 161, 121. 

[186) Scrosati, B.; Croce. F.; Persi, L. J. Electrochem. Soc. 2000. 147, 
1718. 

[187) Prosinl, P. P.: Villano. P.; Carewska. M. Electrochim. Acta 2002. 
48, 227. 

[188) Liu, X.: Kusawake. H.; Kuwajima, S. J. Power Sources 2001. 
97-98, 661. 

[189) Kim. D. W.: Ko, J. M.; Chun. J. R; Kim, S. H.: Park, J. K. 
Electrochem. Commun. 2001, 3, 535. 

[190) Kim, D. W.; Noh, A.; Chun, J. H.; Kim, S. H.; Ko. J. M. Solid 
State Ionics 2001, 144, 329. 

[191) Dan. P.; Mengeritski, E.; Geronov, Y.; Aurbach, D.; Weisman, I. 
J. Power Sources 1995, 54, 143. 

[192) Ikeda. H.; et al. Proceedings of the Symposium on Lithium 
Batteries:, The Electrochemical Society: Pennington, NJ, 1984; 
Vol. 84. 311. 

[193) Grady, J. P. Presented at the 20th International Seminar and 
Exhibit on Primary and Secondary Batteries, Fort Lauderdale, 
Florida, Florida Educational Seminars. Inc., Mar 17-20, 2003. 

[194) Weininger, J. L.; Holub. F. F. J. Electrochem. Soc 1970, 117, 
340. 

[195) Martino, F. J.; Gay, E. C; Moore, W. E. J. Electrochem. Soc. 
1982, 129, 2701. 

[196) Swaroop, R. B.; Battles. J. E. J. Electrochem. Soc. 1981, 128, 
1873. 

[197) Mathers, J. P.; Boquist. C. W.; Olszanski, T, W. J. Electrochem. 
Soc. 1978, 125, 1913. 

[198) Bandyopadhyay. G.; Swaroop, R B.; Battles. J. E. J. Electrochem. 
Soc. 1982, 129, 2187. 

[199) Shimizu, Y.; Terasaki, M.; Kashihara, S. J. Power Sources 1984, 
13, 235. 

[200) Choi, s! H.: Park, S. Y.; Nho. Y. C. Radiat Phys. Chem. 2000, 
57, 179. 

[201) Choi, S. H.; Kang. H. J.; Ryu, E. N.; Lee. K. P. Radiat. Phys. 
Chem. 2001, 60, 495. 

[202) Navy Primary and Secondary Batteries, Design and Manufac- 
turing Guidelines, Department of the Navy, Sept 1991; p 85. 

[203) Linden, D. Handbook of Batteries, 2nd ed.; McGraw-Hill: New 
York, 1994. 

[204) Vinal. G. Primary Batteries, Wiley: New York, 1950. 

[205) Mantell. C. L. Batteries & Energy Systems, 2nd ed. McGraw- 
Hill: New York. 1983. 

[206) Mardegain, S. B. Battery Power Prod. Technol 2003, (Jan). 

[207) Boehnstedt, W. J. Power Sources 1996, 59, 45. 

[208) Boehnstedt, W. J. Power Sources 2{i(i A, 133, 59. 

[209) Lander. J. J. Proceedings of the Symposium on Battery Separa- 
tors, The Electrochemical Society: Columbus, OH, 1974; p 4. 

[210) Prout, L. J. Power Sources \^^^, 46, 117. 

[211) Vinal. G. W. Storage Batteries, Wiley: New York, 1945. 

[212) Butherus, A. D.; Lindenberger, W. S.; Vaccaro, F. J. Bell Syst. 
Technol. J. 1970. 1377. 

[213) Paik, S. L.; Terzaghi. G. J. Power Sources 1995, 53. 283. 

[214) Kung. J. J. Power Sources 1994, 48, 129. 



(215) Wang. L. C; Harvey, M. K.; Stein. H. L.: Scheunemann. U. The 
Role of UHMW-PE in Microporous PE Separators. Proceedings 
of the 12th Annual Battery Conference on Applications & 
Advances, IEEE: New York, 1997; p 69. 

(216) Larsen. D. W.; Kehr. C. L. U.S. Patent 3,351.495, 1996. 

(217) Boehnstedt, W. J. Power Sources 2001. 95, 234. 

(218) Wang. L. C; Harvey. M. K.; Ng. J. C; Scheunemann. U. J. Power 
Sources 1998, 73, 74. 

(219) Boehnstedt, W. J. Power Sources 1996, 59, 45. 

(220) Endoh. H. J. Power Sources 1996, 599. 51. 

(221) Higashi, T.; Endoh. H. J. Power Sources 1998, 73, 110. 

(222) Rand. D. A. J.; Woods, R.; Dell, R. M. Batteries for Electric 
Vehicles Research Studies Press: 1998; ISBN 0-86380-205-0. 

(223) McClelland, D. H.; Devitt. J. L. U.S. Patent 3.862,861, 1975. 

(224) Zguris. G. C. J. Power Sources 1998. 73, 60. 

(225) Zguris. G. C. J. Power Sources 1997. 67, 307. 

(226) Zguris. G. C. J. Power Sources 1996, 59, 131. 

(227) Pavlov, D.; Ruevski. S.; Naidenov, V.; Sheytanov, G. J. Power 
Sources 2000, 85, 164. 

(228) Ferreira. A. L. J. Power Sources 1999, 78, 41. 

(229) Britting, A. O. Proceedings of the 1981 Goddard Space Flight 
Center Battery Workshop, NASA Conference Publication 2217; 
NASA: Washington, DC. 1981; p 327. 

(230) Britting, A. O. J. Power Sources 1984. 12, 305-316. 

(231) Morrow. G. W. J. Power Sources 1987, 21, 313. 

(232) Francis. R. W.; Haag. R. L. J. Power Sources 1^%^, 18, 147. 

(233) Lim. H. S.; Pickett, D. F. Separator Evaluation in NiCd Cells. 
Proceedings of the Intersociety Energy Conversion Engineering; 
IEEE: New York, 1990; Vol. 3. p 61. 

(234) Hill, J. M. U.S. Army ERADCOM, Devet-TR-75-F. 1979. 

(235) Feldman, K.; VervUle, G. DREO Technical Note, 78-6, 1978. 

(236) Lim. H. S.; Margerum, J. D.; Verzwyvelt. S. A.; Lackner. A. M. 
Proceedings of the 27th Power Sources Conference. AtianUc City. 
NJ. June 21-2t 1976; p 83. 

(237) Lim, H. S.; Margerum, J. D.; Verzwyvelt, S. A.; Lackner. A. M.; 
Knechtli, R. C. J. Electrochem. Soc. 1989, 136, 605. 

(238) Scott. W. R.; Rusta. D. W. NASA RP 1052. 1979. 

(239) Fetcenko, M. A.; Venkatesan, S.; Ovshinsky, S. Proceedings of 
the Symposium on Hydrogen Storage Materials. Batteries & 
Electrochemistry, 1992; p 141. 

(240) Wada. M. Polym. Adv. Technol 1994. 5. 645. 

(241) Ikoma, M.; Hoshina, Y.; Matsumoto, L.; Iwakura, C. J. Electro- 
chem. Soc. 1996. 143, 1904-1907. 

(242) Ikoma, M.; Takahashi. O.: Tsuboi. R.; Matsumoto, L. Denki 
Kagaku 1993, 61, 997. 

(243) Furukawa, N. J. Power Sources 1994, 51, 45. 

(244) Nagarajan, G. S.; Van Zee. J. W. J. Power Sources 1998, 70, 
173-180. 

(245) Cook, J. A.; Lancaster, I. M. Proc. Electrochem. Soc. 1998, 98 
(15). 55. 

(246) Scimat's latest separators. Batteries Int. 2002 (Oct). 

(247) Cheng. S.; Zhang. J.; Liu, H.; Leng, Y.; Yuan. A.; Cao. C. J. Power 
Sources 199S, 74, 155-157. 

(248) Hamling, P.; Hamling, B. H. Zirconia Battery Separators— An 
historical perspective and development update. Proceedings of 
the 1 1th Annual Battery Conference on Applications & Advances, 
IEEE: New York, 1996; p 15. 

(249) Vermeiren, P. H.; Adriansens, W.; Moreels, J. P.; Leysen. R. Int. 
J. Hydrogen Energy 1998, 23, 5, 321-324. 

(250) Chem. Business Newsbase 2001 (July 25). 

(251) http://www.zircarzirconia.com. 

(252) Vermeiren, P. H.; Adriansens, W.; Leysen, R. Int. J. Hydrogen 
Energy 1996. 21, 8. 679-684. 

(253) Barak, M., Ed. Electrochemical Power Sources, Peter Peregri- 
nus: London. 1980. 

(254) Andre, H. Bull Soc. Fr. Elect. 1941, 6 (1), 132. 

(255) Agostino, V. D.; Lee, J.; Orban, G. In Grafted Membranes In 
Zinc- Silver Oxide Batteries. Fleisher, A., Lander. J. J.. Eds.; 
Wiley: New York, 1971; p 271. 

(256) Charkey, A. Proc. 26th Annual Power Sources Symp. 1976. 87. 

(257) Karpinski, A. P.; Makovetski. B.; Russell. S. J.; Serenyi. J. R.; 
Williams, D. C. J. Power Sources 1999, 80, 53-60. 

(258) Himy, A. Silver Zinc Battery- Phenomena & Design Principles, 
1st ed.; Vantage Press: New York. 1986. 

(259) Agostino, V. D.; Lee, J.; Orban, G. In Grafted Membranes in 
Zinc— Silver Oxide Batteries, Fleisher, A., Lander, J. J.. Eds.; 
Wiley: New York, 1971; p 271. 

(260) Himy. A. Silver-Zinc Batteries: Phenomena and Design Prin- 
ciples, 1st ed.: Vantage Press: New York, 1983; p 31. 

(261) Lewis. H.; Grun. C; Salkind. A. J. Power Sources 1997. 65, 29. 

(262) Lewis, H.; Jackson, P.; Salkind. A.; Danko, T.; Bell, R. J. Power 
Sources 2001, 96, 128. 

(263) Danko, T. Properties of cellulose separators for alkaline second- 
ary batteries. Proceedings of the 10 th Annual Battery Conference 
on Applications & Advances, IEEE: New York, 1995; p 261. 

(264) Lewis, H. L.; Hammersley, V. L.; Wharton, S. P. NSWC: 
evaluation of cellophane separation in model rechargeable 
silver-zinc cell. Presented at the 38th Power Sources Confer- 
ence, Cherry Hill, NJ, 1998, 



4462 Chemical Reviews. 2004, Vol. 104, No. 10 



Arora and Zhang 



(265) Lewis, H.; Henderson, S.; Danko, T. Separator composition 
evaluation in model rechargeable silver zinc cells. Proceedings 
of the 16th Annual Battery Conference on Applications & 
Advances, IEEE: New York. 2001. 

(266) Danko, T. Strength Properties of Separators in Alkaline Solu- 
tions. Proceedings of the 11th Annual Battery Conference on 
Applications & Advances; IEEE: New York, 1996; p 283. 

(267) Serenyl, R. Proceedings of the 41st Power Sources Conference. 
Philadelphia, June 14-17. 2004'. 2004; p 465. 

(268) Megahed.E.A.;Davlg.D.C.Powier Sou/res: Academic: London, 
1981; Vol. 8. 

(269) Lee, J.; Agostino. V. D.; Zapisek, S.; Freid, R.; Cannizzaro. J. 
Membranes and Ionic and Electronic Conducting Polymers; 
Yeager, E. B., Ed.; The Electrochemical Society Inc.: Pennington, 
NJ. 1983: p 245. 

(270) Drumm, J. J. British Patent 365,125, 1930. 

(271) Kishimoto, T.; Yamane, M.: Bogauchi, T.; Eguchi. Y. U.S. Patent 
5,320.916, 1994. 

(272) Kishimoto, T,: Yamane, M.; Bogauchi. T.; Eguchi, Y. U.S. Patent 
5,547,779. 1996. 

(273) McLarnon, F. R.; Cairns, E. J. J. Electrochem. Soa 1991, 138 
(Feb). 

(274) McBreen, J.; Cairns, E. J. In Advances in Electrochemistry & 
Electrochemical Engineering, Gerischer, H.. Tobias, C. W., Eds.; 
Wiley: New York, 1978; Vol. 11; pp 273-351. 

(275) Bennion, D. N. A review of membrane separators and Zinc- 
Nickel oxide battery development. Prepared for Argonne Na- 
tional Laboratory under Contract No. 31-109-38-5455. October 
1980. 

(276) Lundquist. J. T. J. Membr Sci. 1983, 13, 337. 

(277) Poa. D. S.; Cook. G. M.; Yao. N. P. ANUOEPM-83~4. National 
Technical Information Service: 1983. 

(278) Wagner, C. A.; Almerini, A.; Smith, R. L. Proceedings of the 29th 
International Power Sources Symposium; The Electrochemical 
Society Inc.: Pennington, NJ. 1980. 

(279) Brown, R. A.; Cloyd, J. S. Proceedings of the 29th International 
Power Sources Symposium; The Electrochemical Society Inc.: 
Pennington. NJ. 1980. 

(280) Krejci. I.; Vanysek. P.; Trojanek. A. J. Electrochem. Soc. 1993, 
140, 2279. 

(281) J. Power Sot/rces 1984. 11, 242-243. 

(282) Bugnet, B.; Doniat, D.; Rouget, R, Proc. 40th Power Sources Conf 
2002, 10 {\3), 535. 

(283) Sato. Y.; Kanda, M.; Niki. H.; Ueno. M.; Murata, K.; Shirogami, 
T.; Takamura, T. J. Power Sources 1983. 9. 147, 

(284) Chen, M.; Tsai. T. U.S. Patent 6.605.391. 2003. 

(285) Chen. M.; Li. L. F.; Tsai. T. U.S. Patent, 6,358,651. 2002. 

(286) Chen. M.; Cao, F.; Liang, L.; Tsai, T.; Paris, S. Proc. 41st Power 
Sources Conf 2004. 473. 

(287) Dewi, E. L.; Oyaizu, K.; Nishide, H.; Tsuchida. E. J. Power 
Sources 2003, 115, 149-152. 

(288) Schubert, M. A.; Myers, J. P.; Thrasher. G. T. Acrylic Acid- 
Sodium Styrene Sulfonated Copolymer Separator Coatings for 
Alkaline Electrolytes. Presented at the 202nd Meeting of the 
Electrochemical Society, Salt Lake City. UT. 

(289) Schubert, M. A.; Myers, J. P. Proc. 41st Power Sources Conf. 
2004. 122. 

(290) WiU. F. G. J. Electrochem. Soc. 1979. 126, 36. 

(291) Bellows, R.; Einstein, H.; Grimes. P.; Kantner. E.; Malachesky. 
P.; Newby, K.; Tsein, H. Development of a Circulating Zn— Br2 
Battery Phase I. Final Report, Exxon Research and Engineering 
Company and Sandia National Laboratories, SAND82-7022, Jan 
1983. 

(292) Cathro. K. J.; Constable. D. C; Hoobin. P. M. J. Power Sources 
1988, 22. 29-57. 



(293) Thaller, L. H. U.S. Patent 3,996,064. 1976. 

(294) Jorne, J. Am. Sci. 1983, 71 507. 

(295) Sum. E.: Skyllas-Kazacos. M. J. Power Sources 1985. 15, 179. 

(296) Skyllas-Kazacos, M.; Grossmith, F. J. Electrochem. Soc. 1987. 
134, 2950. 

(297) Wiedemann. E.; Heintz, A.; Lichtenthaler, R. N. J. Membr Sci. 
1998, 141. 207. 

(298) Skyllas-Kazacos, M.; Kasherman, D.; Hong, D. R.; Kazacos, M. 
J. Power Sources 1991. 35, 399. 

(299) Ohya, H.; Kawahara, T.; Kang. A. S.; Aihara. M.; Negishi. Y. 
Denki icagaku 1994, 62, 863. 

(300) Hwang, G. H.; Ohya. H. J. Membr. Sci. 1997. 132. 55. 

(301) Hwang, G. J.; Ohya, H. J. Membr. Sci. 1996. 120, 55. 

(302) Chieng, S. C; Kazacos, M.; Skyllas-Kazacos. M. J. Power Sources 
1992. J^, 11. 

(303) Chieng. S. C; Kazacos. M.; Skyllas-Kazacos. M. J. Membr. Sci. 
1992, 75. 81. 

(304) Mohammadi. T.; Skyllas-Kazacos. M. J. Membr. Sci. 1995. 98, 
77. 

(305) Mohammadi, T.; Skyllas-Kazacos. M. J. Membr Sci. 1995, 107, 
35. 

(306) Mohammadi, T.; Skyllas-Kazacos, M. J. Power Sources 1995, 56, 
91. 

(307) Wiedemann. E.; Heintz. A,; Lichtenthaler, R. N. J. Membr. Sci. 
1998, 141, 215. 

(308) Sukkar, T.; Kazacos, M. S, J. Membr. Sd. 2003. 222. 249. 

(309) Assink, R. A. J. Membr. Sci. 1984. 17, 205. 

(310) Arnold, C; Assink, R. A. J. Appl. Polym. Sci. 1984, 29, 2318. 

(311) Hruska, L. W.; Savinell. R. F. J. Electrochem. Soc 1981. 128, 
18. 

(312) Newman. J.; Tiedemann, W. AIChE J. 1975, 21. 25. 

(313) Newman, J. S. Electrochemical Systems, 2nd ed.; Prentice Hall 
Inc.: Englewood Cliffs, NJ. 1991. 

(314) Vidts, P. D.; White. R. E. J. Electrochem. Soc 1997, 144. 1343. 

(315) Coder. G.; Doyle. M.; Arora, P.; Fuentes. Y. MRS Bull. 2002, 
27, 619. 

(316) Newman. J.; Tiedemann. W. J. Electrochem. Soc. 1997. 144, 
3081. 

(317) Gu, H.; Nguyen, T. V.: White. R. E. J. Electrochem. Soc. 1987. 

134, 2953. 

(318) Vidts, P. D.; Delgado, J.; White, R. E. J. Electrochem. Soc. 1995. 
142, 4006. 

(319) Doyle, M.; Fuller, T. F,; Newman. J. J. Electrochem. Soc. 1993. 

140. 1526. 

(320) Fuller, T. F.; Doyle, M.; Newman. J. J. Electrochem. Soc. 1994. 

141, 1. 

(321) Fan. D.; White, R. E. J. Electrochem. Soc 1991, 138. 17. 

(322) Doyle, M.; Newman, J.; Gozdz, A. S.; Schumtz, C. N.; Tarascon. 
J. M. J. Electrochem. Soc. 1996, 143, 1890. 

(323) Arora. P.; Doyle. M.; Gozdz, A. S.; White. R. E.; Newman, J. J. 
Power Sources 2000. 88. 219. 

(324) Patel, K. K.; Paulsen, J. M.; Desilvestro. J. J. Power Sources 
2003. 122, 144. 

(325) Tye, F. L. J. Power Sources 1983. 9. 89. 

(326) Mao. Z.; White. R. E. J. Power Sources 1993. 43-44. 181. 

(327) Denton, P.; Howard, J. N.; Anani. A. A.; Fernandez. J. M. U.S. 
Patent 6,228,516. 2001. 

(328) Mao. H.; Wainwright, U.S. Patent 6,074.766, 1990. 

(329) Thomas-Alyea. K. E.; Newman. J.; Chen. G.; Richardson, T. J. 
J. Electrochem. Soc. 2004, 151. A509. 

CR020738U 



